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CHAPTER 1

INTRODUCTION

In around 982, Erik the Red of Iceland sailed with 12 sailors to Greenland and
established the first European settlements there. The land was unwelcoming, had no trees,
and only limited resources were brought over from Iceland. The settlers had to change their
approach from using wood to using stone to build homes. For fireplace fuel, the early
Norsemen used high grown shrubs and grass instead of wood. However, despite the
different approaches to utilizing In-Situ resources, these settlements prospered from
trading polar bear pelts and walrus tusks with the rest of Europe before succumbing to the
Little Ice Age in 1560. [1] The colonization of Greenland is brought up instead of
Jamestown or La Isabela (Christopher Columbus’ first colony) because of the harsh
conditions and limited resources that are analogous to the In-Situ resources found on the
Moon for present day technology as they were for Norse people in Greenland over
1000 years ago. To settle on the Moon, much like in the case of Greenland, In-Situ
Resource Utilization (ISRU) must take place for materials and consumables to provide
resources for Lunar habitats and mission architectures [2].

1.1

Background and Problem Statement
The governing equation for space travel is Tsiolkovsky’s Ideal Rocket Equation

(IRE) which describes the relationship among the change in velocity (ΔV) needed to reach
a destination, propellant mass, vehicle and payload mass, and the specific impulse (Isp)
which is the efficiency of the propellant. Isp provides the length of time that one kilogram
of propellant can produce one Newton of thrust. After the end of the Apollo program, Isp
was the key performance parameter which received the most attention when designing new
rocket engines for deep space applications. The engines that were developed during the
1960s through the 1970s focused on maximizing the Isp of which the most notable were the
Space Shuttle Main Engine (SSME) with a Isp of 450 seconds [3], the RL-10 with a Isp of
465 seconds, and the Nuclear Rocket Engine for Rocket Vehicle Application (NERVA)
Nuclear Thermal Propulsion (NTP) engine with a Isp close to 900 seconds [4]. Higher Isp
has been achieved with electric propulsion of a maximum of 5000 seconds but with a
maximum thrust of 5.4 N [5]. Although it is possible to perform spiraling maneuvers from
a gravitational well with this propulsion system [6], humans will spend more time in space
unless an additional chemical stage is used as a boost [7].
It should be noted that in NTP powered round trip Mars Transportation Vehicles,
the hydrogen propellant makes up about half of the vehicle mass [8]. In propulsion systems
with even lower Isp, this propellant mass fraction is even higher [9]. Therefore, if a mission
is to be assembled using only what can be brought from Earth, higher Isp is key to
decreasing the number of launches and thus the cost of a vehicle. However, if propellant
can be mined on another body with a smaller gravity well, then the cost could drastically
decrease and the vehicle will become inherently reusable. [10–13]
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Recent studies and observations have concluded that water is an abundant resource
in the Solar System [14–20] and the Moon has around 600 billion kilograms [2]. In the
words of Tory Bruno, CEO of United Launch Alliance, “A Lunar economy is right around
the corner and water will be the largest commodity” [21]. A key word here is “largest”
indicating that other “commodities” are also available. Since the Moon is Earth’s closest
sizeable neighbor on which humans could land (near Earth asteroids tend to be only
between 6-12 m across [22]), it makes sense to explore how the Lunar resources can be
utilized. This is the purpose of NASA’s Artemis program which aims to exploit these Lunar
resources, learn ISRU on the Moon, and implement these lessons learned to conduct
crewed missions to Mars.
The major component of the Lunar resources is water, attributing to about 74.91%
of all volatiles found there. Other useful volatiles include ammonia and carbon dioxide.
Furthermore, technologies that have the capability to extract and process these resources
have been successfully tested in laboratory environments. [2] Electrolysis plants are
planned to process the Lunar water into oxygen and hydrogen to produce propellant for
both chemical and NTP engines. Electrolysis is a commonly used process; however, it takes
time and consumes a lot of electrical power. The state-of-the-art electrolysis plant
REFHYNE from ITM Power can produce 1,300 tons of hydrogen per year at a power level
of 10 MW [23]. The scale of this apparatus is that of a power plant. Although this hydrogen
production capacity is more than enough to sustain multiple (conducted in parallel) crewed
missions to Mars at every Earth-Mars conjunction, the hydrogen that is slowly produced
must be stored in temperature-controlled tanks at 20 K to stay liquid as the temperature of
in the Permanently Shadowed Regions (PSR) on the Moon is 40 K [2]. Furthermore, liquid
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hydrogen has a density that is 7% that of water and will result in volume limited payloads
to build the hydrogen storage facility. [24]
Although water makes up roughly ¾ of the total volatiles, other volatiles must also
be considered such as ammonia and carbon dioxide. Ammonia can be split into hydrogen
and nitrogen, however, the apparatus for doing so in metric ton quantities required for
spacecraft propulsion would also be on the scale of a power plant to produce a comparable
amount of hydrogen as the REFHYNE plant [25]. This process will result in a large amount
of nitrogen that, although harmless, will be vented and lost. Carbon dioxide could be used
to make methane from hydrogen via the Sabatier process, but this volatile only constitutes
1.626% of the total volatiles while ammonia constitutes 4.52%. All these options require
transforming the available resources into high performing propellants to yield high Isp by
putting large amounts of energy into a process which will add mass and complexity to the
required infrastructure. [2]
1.2

Proposed Solution to Problem Statement
A solution to this problem would be to use these raw volatiles directly as the

resulting saved mass and cost of the infrastructure could outweigh the penalty of lower Isp
[10]. The NTP engines, which are currently being researched by NASA and its partners,
could potentially use any propellant [4,13,26]. Since the heat comes from nuclear fission
rather than chemical reactions, the system is simplified and becomes a monopropellant
system. Furthermore, unlike some reaction control systems (RCS), no catalysts are required
to split the propellant in an exothermic dissociation reaction. Therefore, given that the
propellant will not react with the engine materials at the extreme conditions found inside
the reactor, the NTP engine could be part of the solution. The proposed solution to the
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problem of having to take all the propellant needed for a space mission with substantial
payload mass will be to (1) use the resources available on the Moon and (2) develop
Alternative propellant NTP (A-NTP) engines that will use these resources directly without
conversion such as electrolysis. Once these engines are developed, validated, and
performance measures extracted, these engines will be used to model the performance of
crewed Mars missions and the Lunar Ascent/Descent Vehicle (LADV) of the NASA
Artemis program. This will provide the details to examine the required supporting Lunar
infrastructure and determine whether it is more cost effective to utilize raw Lunar resources
directly or to process them into higher performance propellants.
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CHAPTER 2

LITERATURE REVIEW

2.1 NASA’s Artemis Program
NASA’s Artemis program aims to be a steppingstone to send humans to Mars. This
program focuses on returning humans to the Moon sustainably with ISRU as the central
focus. Technologies are currently being tested in laboratory environments that will mine,
refine, and utilize these resources as consumables for life support systems and propellants
for propulsion systems [2]. Unlike Apollo, the previous crewed Lunar exploration missions
of the Moon, Artemis makes sustainability the prime emphasis of this program. [27]
The Artemis program plans to utilize water as a life support consumable directly
and to produce hydrogen and oxygen via electrolysis for chemical propulsion systems [27].
These propulsion systems do not use the stoichiometric mass ratio of oxygen to hydrogen
of 7.93 but a hydrogen rich mass ratio of 6 to provide higher Isp [28]. The oxygen that will
not be used in these systems is proposed to be used also as a life support consumable [27].
Ammonia also constitutes a large portion of the Lunar volatiles, about 36 billion
kg, but current water mining considerations will simply scrub it [2]. It should be
emphasized that the ammonia found on the Moon is anhydrous ammonia 𝐍𝐇𝟑 and not
hydrous ammonia 𝐍𝐇𝟒 𝐎𝐇 [2]. The latter will cause oxidation and lower Isp than the former
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due to the presence of oxygen which will function as a catalyst for corrosion [29–31] and
higher molecular weight [32], respectively. Other volatiles that could be found are shown
in Table 2.1 which include hydrogen sulfide, carbon dioxide, methane, and other hydrogen
oxides and hydrocarbons. [2] These will be analyzed in more detail in Section 2.5.

Table 2.1: Lunar Volatiles [2]
Compound
H2 O
H2 S
NH3
SO2
C2 H4
CO2
CH3 OH
CH4
OH

Concentration (%)
74.913
12.548
4.517
2.390
2.337
1.626
1.161
0.487
0.0225

One of the other reasons for the consideration of conducting ISRU on the Moon is
its position around Earth. This strategic position allows for transferring between Lunar
Distant Retrograde Orbit (LDRO) (circular orbit with a 70,000 km altitude) and Lunar
Distant High Earth Orbit (LDHEO) with a ΔV of only 140 m/s [26]. The required ΔV to
perform a Trans Mars Injection (TMI) from LDHEO is 600 m/s to 900 m/s [26,33] which
is much lower than that of Low Earth Orbit (LEO) of 4300 m/s [34]. The significance of
this is that propellants produced In-Situ could be brought up to a vehicle in LDRO to be
retanked and the vehicle could then transfer to LDHEO to perform the TMI burn.
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Therefore, the Moon is used as a gateway to deep space with crewed missions to Mars
starting from there [26,27,33].
2.2 Crewed Missions to Mars
Currently, there are two classes of crewed Mars missions considered which include
conjunction and opposition class missions. Aerojet Rocketdyne (AR) has developed
mission and vehicle reference architectures for these missions which use Hydrogen-based
Nuclear Thermal Propulsion (H-NTP) engines due to their high Isp. These engines will be
described in Section 2.3.3. These mission architectures have been designed to perform their
first mission without reliance on In-Situ resources. When these vehicles return from the
first mission, they will be parked in LDRO to be retanked by the Lunar Ascent/Descent
Vehicle (LADV) and prepared for their next mission. [26,33]
2.2.1 Mars Conjunction
The AR Mars Conjunction mission maximizes the time that the crew will spend on
the planet’s surface (620 days) while also minimizing the roundtrip mission ΔV (ΔV of
4223 m/s). Figure 2.1 shows the CONOPS of AR’s conjunction class Mars Transfer
Vehicle (MTV) mission architecture. AR currently models the conjunction class MTV
stages to be launched into the highly elliptical LDHEO, with the Space Launch System
being the launch vehicle of choice. The stages are then transferred to LDRO for
aggregation. It is important to note that the images from AR show that the aggregation orbit
is Near Rectilinear Halo Orbit (NRHO) (highly elliptical orbit with a 2,000 km periapsis
and 75,000 km apoapsis [35]). This orbit requires a ΔV of 120 m/s to reach from LDHEO.
However, in the literature text, everything is described as LDRO. To reach LDRO from
LDHEO, a total ΔV of 140 m/s is required which is 20 m/s higher than NRHO. Therefore,
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LDRO will be considered instead of NRHO to yield conservative results [36]. The
additional 20 m/s of ΔV can be attributed to a RCS or OMS system [8,26,33,36,37]. Hence,
this architecture will not need to be modified to take advantage of the In-Situ Lunar
resources due to aggregation taking place in LDRO [38].
The conjunction class MTV consists of a core stage with three H-NTP engines and
some propellant, three inline stages with propellant and maneuvering systems, and a habitat
all stacked together like a single-stage rocket. The analysis on this model has yielded
transfer times to and from Mars of 160 days each way. However, these transfer times do
not incorporate orbit insertion and parking orbit arrivals. The sum of all these transfer times
yields around 356 days which results in a total mission time of 976 days or roughly about
2.674 years. Figure 2.2 shows the burn schedule and reference vehicle architecture with a
breakdown of the masses, propellant mass allocations, and burn schedule. [36]
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Figure 2.1: Conjunction Class Pure Hydrogen MTV CONOPS [33]
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Figure 2.2: Mars Conjunction Reference Vehicle Architecture [8]
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2.2.2 Mars Opposition
The AR Mars Opposition mission minimizes the total time that the crew spends in
space but has a substantially greater roundtrip ΔV of 11422 m/s than the Mars Conjunction
mission of 4223 m/s. The total time that the crew will spend on the Martian surface is
50 days while the time spent in transit is 679 days yielding to a total mission time of
729 days or roughly about 2 years. The CONOPS for the Mars Opposition mission are
shown in Figure 2.3. AR models the Mars Opposition vehicle with a core stage containing
two H-NTP engines, two strap-on cores with one H-NTP engine on each, and an inline
stage all brought to a 1,300 km circular Earth Orbit by the SLS. Furthermore, Blue Origin’s
New Glenn is used to bring the drop tank truss and 12 commercial drop tanks to the same
orbit. As shown in Figure 2.4, the entire assembly is moved to LDHEO with a total ΔV of
2923 m/s by only using the engines on the strap-on cores with the propellant inside them
and inside six of the drop stages. Once the MTV is in LDHEO, the deep space habitat is
attached. As the vehicle performs the burns, the drop tanks and strap-on cores are
discarded. The strap-on cores return to the Earth vicinity for retanking. [33] Since
aggregation takes place in LEO, this architecture will need to be modified to aggregate in
LDRO. This will be discussed in Chapter 6.
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Figure 2.3: Opposition Class Pure Hydrogen MTV CONOPS [33]
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Figure 2.4: Mars Opposition Reference Vehicle Architecture [37]
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2.3 Supporting Elements of the Mars Missions
Figure 2.5 shows the breakdown of the elements which support the Deep Space
Vehicles that perform the Mars Missions. The elements have been organized into groups
which support all the other groups above them. The Deep Space Vehicles are supported by
the Lunar Vicinity Vehicles, Lunar Surface Infrastructure, and Earth Launch Vehicles. The
Lunar Vicinity Vehicles have two tasks: (1) transferring components launched into
LDHEO by the Earth Launch Vehicles to LDRO via Reaction Control Systems (RCS) or
the Lunar surface via Lunar Cargo Lander (LCL) and (2) bringing propellant to the Deep
Space Vehicles produced by the Lunar Surface Infrastructure by the LADV. The Lunar
Surface Infrastructure supports both the Lunar Vicinity Vehicles by providing propellant
directly to these vehicles and the Deep Space Vehicles by providing propellant as payload
onboard the LADV. The Lunar Surface Infrastructure consists of Thermal Sublimation
Mining which heats the Lunar regolith to obtain raw volatiles, Purification/Separation to
process the raw volatiles, Electrolysis to produce hydrogen and oxygen from water, and
Kilopower Reactor Using Stirling TechnologY (KRUSTY) to produce power to support
the other Lunar Surface Infrastructure Elements. The Earth Launch Vehicles support all
the above element groups by providing the components necessary to build and maintain
these operations. A key component is the NTP engine which is onboard the Deep Space
Vehicles. This component is not depicted in Figure 2.5 since it is a vehicle component
rather than a standalone element. However, it is crucial to consider this component along
with the others as it will be the one utilizing the mined and processed propellants. All the
supporting elements of the Deep Space Vehicles will now be examined in detail.
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Figure 2.5: Architecture Elements
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2.3.1 Lunar Vicinity Vehicles
2.3.1.1 LADV
The LADV mission architecture is shown in Figure 2.6 where the vehicle is seen to
be ferrying 20 mton of propellant to a customer vehicle. Here, the LADV hibernates on the
Lunar surface waiting for the customer. It ascends to Low Lunar Orbit (LLO) and transfers
to the Refueling Orbit which could be anywhere between LLO and LDRO. After the
customer vehicle has been refueled, the LADV undocks and lands on the Lunar surface.
The ΔV schedule is shown in Table 2.2 where the sum of all burn event ΔVs results in
6900 m/s. The mission timeline is shown in Figure 2.7 which shows the length of time of
each mission milestone resulting in a total mission time of 24 hours. The mass breakdown
of the reference vehicle is 20 mton of propellant to be delivered, 30 mton of dry mass
including the three reference RL-10 engines [28,39], and 59 mton of hydrogen and liquid
oxygen propellant used by the LADV. [38]

Figure 2.6: LADV Mission Architecture [38]
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Table 2.2: LADV ΔV Schedule [38]
Phase
Ascent to LLO
Plane Change Maneuvers
Descent from LLO
Total ΔV

ΔV (m/s)
1900
2856
2100
6856

Figure 2.7: LADV Mission Timeline [38]

There is a possibility that when the Moon is heavily commercialized, that the
exhaust gases from vehicles like the LADV will accumulate around the Moon and start to
form an atmosphere. The current Lunar atmosphere is extremely thin due to its low gravity
and is effectively a vacuum with 100 ppm in a cm3 whereas Earth has 2.7*10^19 ppm in a
cm3 [40]. A study done on the Lunar atmosphere stated that due to early volcanism, the
Moon used to have an atmosphere but lost it with an average loss rate of 10 kg/s [41].
Therefore, if LADV vehicles constantly provide more than 10 kg/s of exhaust gases, then
the Moon will start gaining an atmosphere. However, this process would take on the order
of 70 million years if a constant accumulation rate of 10 kg/s is assumed [41]. Therefore,
there is no immediate concern of Lunar atmospheric accumulation due to the use of
LADVs.
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2.3.1.2 LCL
Currently, there is no design in literature for the LCL to support NASA’s Artemis
program operations and NASA is currently looking for ideas [42]. Therefore, part of this
research will be to perform a 1st order analysis to determine the parameters of the LCL and
its capabilities to land cargo on the Lunar surface.
2.3.1.3 RCS
According to AR’s ground rules and assumptions, each Deep Space Vehicle stage
component will have RCS with an average Isp of 320 seconds [43]. However, a 1st order
analysis will need to be performed for the components for the Lunar surface infrastructure
to ensure that the Earth Launch Vehicles will be capable of inserting the components into
LDHEO.
2.3.2 Earth Launch Vehicles
Launch vehicles are an important part of NASA’s Artemis program which heavily
relies on using commercial partners such as SpaceX and Blue Origin as well as NASA’s
Space Launch System (SLS). The specific considered launch vehicles are SpaceX’s Falcon
9 and Falcon Heavy [44], Blue Origin’s New Glenn [45], and NASA’s SLS Block 2 [46].
The launch vehicle capabilities are shown in Appendix A. This data will be used in
determining the launch vehicle to use for various components. Although the costliest, the
SLS still provides the largest payload volume and payload mass of all the considered
launch vehicles. However, if retanking and denser propellants are considered, smaller
aggregation stages could be used and launched on launch vehicles with smaller payload
volumes and masses resulting in a more cost-effective strategy.
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It should be noted that Elon Musk’s Starship will not be considered as a Mars
mission architecture nor as a launch vehicle due to several reasons:


There is no specific mission architecture data publicly available which includes
the ΔV schedule [47]



All available cost data comes from newspaper articles and Elon Musk’s
“tweets” [48,49]



Starship’s User’s Guide only has information on payload to the destination and
launch vibration criteria [47]

Table 2.3 shows the payload mass, cost, and cost per kilogram to send the payload
to LDHEO of all considered launch vehicles including Starship. Here, the cost per kilogram
for Starship is over an order of magnitude less than all other considered vehicles.
Furthermore, Elon Musk is known for setting ambitious goals and not delivering on them
[50]. Therefore, the real cost per launch could be much higher. In order for Starship to not
skew the results with its ambitious (and likely improbable) cost, it’s cost per kilogram
would need to be around $5000 to $6000 which is that of the most cost effective launch
vehicle, the partially recoverable Falcon Heavy [44,51]. This translates to a cost per launch
of $60M to $72M, an order and a half magnitude greater than what is stated. Therefore, a
$2M price per launch does not yield a fair comparison. [47–49]
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Table 2.3: Launch Vehicle Parameters
Payload to
LDHEO (kg)

Cost per
Launch ($M)

4000

50

$12,500.00

6000

62

$10,333.33

5200

90

$17,307.69

18700

105

$5,614.97

20800

150

$7,211.54

Starship [47–49]

12000

2

$166.67

New Glenn [45]

8600

130

$15,116.28

SLS Block 2 [46]

46800

1600

$34,188.03

Launch Vehicle
Falcon 9
(Recoverable) [44,51]
Falcon 9
(Expendable) [44,51]
Falcon Heavy
(Recoverable) [44,51]
Falcon Heavy
(Partially
Recoverable) [44,51]
Falcon Heavy
(Expendable) [44,51]

Cost per
Kilogram

2.3.3 NTP
Nuclear Thermal Propulsion (NTP) is a concept which dates to the late 1950’s
through the early 1970’s with reactor and engines demonstrated during Project Rover and
later by the Nuclear Engine for Rocket Vehicle Application (NERVA) program with a goal
of creating a propulsion system capable of transporting humans to Mars and provide a
reusable lunar shuttle. Unlike chemical propulsion, NTP does not depend on combustion
of an oxidizer and fuel to produce thrust; instead, a propellant is pumped into a nuclear
reactor and heated to high temperatures before being expelled through the nozzle.
Essentially, the NTP engine is a monopropellant system which does not depend on the type
of fluid used offering flexibility in propellant options. However, the caveat is that the
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chosen propellant should not degrade the core materials. [4] The context in which NTP will
be discussed is based on NASA’s Design Reference Architecture (DRA) 5 and the low
enriched uranium (LEU) NTP as detailed by Aerojet Rocketdyne’s H-NTP engine design
which uses hydrogen as the propellant due to its high Isp potential. [26,36]
It is important to distinguish the terms fuel and propellant when it comes to the NTP
system. In a conventional rocket engine, the propellant is/are the oxidized chemical
compound(s) in a mixture of fuel (the substance that burns) and oxidizer (the substance
that releases oxygen to combine with the fuel) that is/are accelerated by the nozzle to
produce thrust. However, in NTP systems, the fuel is the substance that provides heat via
nuclear processes while the propellant is the fluid that absorbs the heat and generates thrust.
In this context, the fuel elements inside the reactor core produce heat and contain channels
through which the propellant flows.

2.3.3.1 Reference H-NTP Engines
It is necessary to consider the reference H-NTP engine architectures to understand
the design space. At the time of this writing, there are three H-NTP engine models to which
the author has access. These include AR Power Balance Model (PBM) 5.7 [52], AR PBM
2092021 [53], and AR PBM 3.0 [26]. The AR PBM 5.7 and AR PBM 2092021 are the
most recent PBMs and use ceramic fuel in a ceramic matrix (CERCER) fuel elements
inside a single moderator block while AR PBM 3.0 uses ceramic fuel in a metal matrix
(CERMET) fuel elements along with tie-tube moderator elements which are of the same
size as the fuel elements. The uranium loading is considered to vary radially. The
enrichment of the uranium is considered to be no more than 20%. [54,55] Previous work
[56,57] focused on the AR PBM 3.0 while this work also considers AR PBM 5.7 and AR
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PBM 2092021 which will be described in detail in Chapter 4. Therefore, the design space
will include all three engines since they are modifications of the same expander cycle HNTP engine design but with different operating parameters [26].

2.3.3.2 Rocket Engine Cycles
Historically, H-NTP considered both bleed and expander cycle engine designs. The
key difference between these cycles is that the bleed cycle exhausts some of the propellant
out of the turbines while the expander cycle uses all the propellant to generate thrust. These
cycles are not limited to NTP and have been extensively used in chemical rocket engines.
The expander cycle is thrust limited. As the thrust increases, the propellant volume
increases cubically, but the nozzle area from which regenerative heat is extracted, increases
squarely. This results in a limited amount of heat that can be absorbed in the regenerative
cooling channels to run the engine turbomachinery. [58,59] Since the propellant runs the
turbomachinery, supercritical pressures are required to avoid boiling inside the
regenerative cooling channels which can lead to unstable engine operation due to boiling
[60] and generally high errors in boiling heat transfer correlations which can be up to 100%
even in laboratory controlled environments [61].
The bleed cycle can produce much higher thrust levels than expander cycle engines
since the fluid enthalpy is obtained from burning some of the fuel with some of the oxidizer
in a gas generator prior to entering the turbine. Furthermore, the turbine exhaust is not
routed back into the combustion chamber but is discarded. As a result, the engine pumps
are not required to produce nearly as much pressure as in the expander cycle, but the engine
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functions at a lower 𝐼𝑠𝑝 due to a portion of the mass flow rate being lost through the
turbines. [58,59]

2.3.3.3 Fundamental Limits of NTP
The NTP system energy is obtained from nuclear reactions and the energy density
inside the reactor core is much higher than that of chemical propulsion; however, there is
still a finite amount of energy that can be produced by the core [62]. According to BWXT,
before the reactor starts operating sub-critically (less neutrons are born than absorbed or
leaked), only 2% of the total

235

U mass can be used [63]. The total energy Ω that 1 kg of

235

U can produce is 77 TJ [59]. The length of time within which this energy can be

produced E depends primarily on the reactor power level 𝑄̇ , however, any power level
cannot be selected and must stay at or below the reactor design power level Q as running
the reactor at higher 𝑄̇ can potentially damage the reactor hardware or even yield to
unstable operating conditions [62]. Therefore, E is determined by taking Ω and dividing it
by 𝑄̇ which can be up to Q. Furthermore, material limitations are a major concern for NTP
engines due to the extremely high temperatures necessary to produce high Isp [59].
Therefore, the material longevity determines the length of time that the reactor can operate
safely before significant material degradation occurs T. T is different from E since T is a
function of material chemistry while E is a function of energy. Based on this, the reactor
life is limited by either E or T, which ever yields the shortest life.
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This yields to the three fundamental limits of any NTP system:
1. E is the total time that a power level can be produced by the reactor before running
out of the usable fissile fuel. This limit takes the total energy that can be produced
by the reactor Ω and divides it by the operating power level 𝑄̇ .
2. Q is the design power limit. Although there is no power limitation on the reactor
set by physics, this limit should not be exceeded as the reactor supporting elements
may fail and cause the core to fail [62]. If the reactor is setup to operate in pulsed
mode, then a pulsed propulsion system could be used [64]. However, this is outside
the scope of this study as it is not considered by the NASA Artemis Program as a
viable propulsion system for crewed Mars Missions [27].
3. T is the total operational time of the reactor core that is allowed by material
limitations. This limitation is primarily based on the chemistry of the fuel,
degradation of fuel due to fission, and chemical reactions between the cladding and
propellant. It characterizes the maximum safe operational time of the reactor while
considering core degradation caused by the above-mentioned reactions.

To put these limits into perspective, if the specific heat capacity of the propellant
decreases and the thrust produced remains the same, the required power 𝑄̇ will decrease
and the engine will function below Q. However, if the propellant results in lower 𝐼𝑠𝑝 than
the propellant at which 𝑄̇ was equal to Q, then T will be encountered next (assuming the
same material degradation rate), and the engine will never fully utilize all its usable energy.
Therefore, it is of interest to keep 𝑄̇ equal to Q to reach E which will result in increased
thrust.
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2.3.4 Lunar Surface Infrastructure
An extensive collaborative study on the Commercial Lunar Propellant Assembly
(CLPA) was performed to investigate water mining, processing, and utilization complete
with laboratory experiments proving the concepts of the devices. Even though the CLPA
study focused on the final product to be hydrogen and oxygen, propellant grade water prior
to electrolysis and filtered ammonia are still obtained. The Lunar volatile resources are in
PSR where limited sunlight, if any, is present. The CLPA study considered using only
water as the useable resource and assumed that the other volatiles are unusable and vented
them.

2.3.4.1 Mining Tents
Mining tents would be used to heat the Lunar surface and due to near vacuum
pressures, sublimate the volatiles to capture them. The cost of the mining tents would be
$4 billion to develop and establish the first initial operating tent on the Lunar surface plus
$105 million for each additional tent as the infrastructure is linearly scalable. The operating
costs were estimated to be $25 million per year. The entire system has a lifespan of
10 years. [2] It is important to note that although ammonia thermolysis for hydrogen
production is possible from a physics standpoint, it is not considered in the CLPA study as
there is no hardware that is currently capable of hydrogen production from ammonia on
mass scales which could be applied to space architectures [2,25]. Therefore, it will not be
considered in this study.
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2.3.4.2 Separation, Purification, and Electrolyzation
The ISRU Water Purification and Hydrogen Oxygen Production (IHOP) System is
the key element in processing Lunar volatiles and its flow chart shown in Figure 2.8. The
mining tents can yield up to 2,500 mton of volatiles per year per tent that require up to
580 kW of power per tent. Most of the volatiles are filtered through a cold trap where the
condensed raw steam (and ammonia vapor) is fed into an ammonia scrubber where the
water and ammonia are separated.
The water is then filtered by a “Water Polisher” to remove any residual impurities
such as dust and is fed into one of the electrolyzer units shown in Table 2.4 all of which
have a total specific energy consumption of 4.8 to 4.9 kWh⁄m3H2 at the listed conditions
[65]. Here, it becomes apparent that the volumetric yield of both hydrogen and oxygen
from water has a direct relationship with the mass of the electrolyzer.
An important characteristic of the considered infrastructure is that it scales linearly
and the components have a life of 10 years. [2] The current reference consists of two to
three mining tents with three IHOP modules for oxygen production only as a technology
demonstrator [66]. No full scale ISRU architectures using the mining tents and IHOP units
have been detailed [2].
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Figure 2.8: ISRU water purification and Hydrogen Oxygen Production (IHOP) System
Flow Diagram [2]
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Table 2.4: Electrolyzer Parameters [65]
Parameters
Pressure (MPa)
Temperature (C)
Hydrogen (m3/h)
Oxygen (m3/h)
Length (m)
Width (m)
Height (m)
Mass (kg)
Time to Failure (h)
Service Life (years)

SEU-4M-10 SEU-3M-10 SEU-20 SEU-40
FV-250M
1
1
1
1
0.1
80
85
85
90
85
4
8
20.5
41
260
2
4
10.25
20.5
130
1.7
2.05
2.4
4.1
7.95
0.6
0.915
1.06
1.06
3.64
0.83
1.08
1.78
1.785
6.54
1290
3032
4720
7435
59420
11500
11500
11500
11500
11500
10
10
10
10
10

kg

H2 Yield (hour)

2.732

5.388

8.419

27.232

175.110

0.00212

0.00178

0.00178

0.00366

0.00295

19.6

39.2

61.25

200.9

1274

25827.2

26191.5

26191.5

26558.3

26191.5

Mass Efficiency
(kg

kgH2

)

elec hour

Power Required
(kW)
Specific Energy
kJ

(kg )
H2

2.3.4.3 Power
Lunar volatile mining, electrolysis, and life support will require energy to function.
The PSR location will not support the use of solar power since, as the name suggests, these
regions are permanently shadowed. Therefore, nuclear power must be considered.
KRUSTY is designed to produce 50 kWt which results in up to 10 kWe per each unit with
an expected life of 12-15 years. The low enriched uranium design has a total unit mass of
2258 kg with an additional 924 kg growth allowance. Each unit is 0.58 meters in diameter
and 1.5 meters tall. [67,68]

29

2.3.4.4 Storage
The storage of hydrogen and oxygen within the CLPA framework is considered to
be inside spent propulsion stages of Lunar landing vehicles that will be bringing the
infrastructure elements to the Lunar surface during initial Infrastructure assembly.
However, since the temperature in the PSR are around 40 K, active cryocooling will need
to be considered for hydrogen storage. Furthermore, depending on the amount of propellant
required to be stored, additional storage tanking considerations may be required due to the
low density of hydrogen. [2]

2.3.4.5 On-Board Water Electrolyzation
To address this issue, a Cornell University study analyzed using water for a
chemical propulsion vehicle with onboard electrolysis. The study has shown that rapid
electrolysis (splitting water at the same rate as required by the propulsion system) could be
achieved via pulsing where a capacitor stores enough energy to generate a large pulse of
electricity to split water equivalent to that of the required (pulsed) flow rate. Rapid
electrolysis is much slower than the combustion process and the Isp in chemical engines
suffers from this if pulsing is not used. [69]
The Cornell study also conducted a performance analysis where water would be
split during coasting periods and the oxygen and hydrogen would be stored in separate
tanks to allow for more control over the combustion process. The study did not state the
mass of the electrolyzer, instead, the maximum water electrolyzing rate was stated to be
1.21 tons/day. Hydrogen is 11.11% of water which translates to 5.6 kg/hour which is more
than achievable by one of the considered electrolyzers, the SEU-20 electrolyzer, which has
a mass of 4720 kg and can electrolyze water at a rate of 1.818 tons/day [65]. The required
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1.21 ton/day is 66.56% of the electrolyzer’s capability. If the mass of the SEU-3M-10 and
SEU-20 are interpolated based on the hydrogen production rate, then the mass of the
required electrolyzer will be 3067 kg [65]. It is unclear what mass of the electrolyzer the
study incorporated into the dry mass, but any added dry mass will penalize the vehicle
performance in terms of the change in velocity (ΔV) as dictated by the Ideal Rocket
Equation (Eq. (2.1)). This will require more propellant to be produced by the electrolyzer
if ΔV is to remain the same which will further increase the electrolyzer mass. Furthermore,
liquid hydrogen (7.1% density of water [24]) and liquid oxygen (114.1% density of water
[24]) would still need to be cryogenically stored on board the vehicle in separate tanks,
thus adding more even more dry mass to the vehicle. [69]

∆𝑉 = 𝐼𝑠𝑝 𝑔0 𝑙𝑛

𝑚𝑝𝑟𝑜𝑝 + 𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑

(2.1)

The Cornell study has shown that there is a clear advantage of storing propellant as
water but has also demonstrated that there are challenges with using electrolysis as a means
of obtaining hydrogen and oxygen aboard a crewed Mars transportation vehicle based on
NASA’s DRA 5.
Performing water electrolysis in orbit and then storing the hydrogen and oxygen
products in separate tanks will increase the dry mass of the vehicle from the reference. The
increase in dry mass will also increase the cost as the two correlate according to the NASA
Air Force COst Model (NAFCOM) [70]. Even though oxygen is 114.1% the density of
water, it does not offset the hydrogen density of 7.1% to 8.6% that of water. To put this
into perspective, a single cubic meter of water will result in 0.776 m3 of oxygen and
1.297 m3 of hydrogen for a total of 2.073 m3 even if solid hydrogen were utilized. As the
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water is split, the water tank does not decrease its size nor its mass resulting in dead weight.
All of this will result in more than three times the tank volume requirement than if water
were somehow used directly.

2.3.4.6 Direct Utilization of Water
The current approach to the infrastructure suggests that significant mass is required
to not only mine and purify Lunar volatiles to obtain propellant grade water, but to also
electrolyze this water into hydrogen and oxygen to use for hydrogen (H2) + liquid oxygen
(LOX) Chemical and H-NTP propulsion systems. A study was conducted that suggested
that water A-NTP engines could be viable in reducing the complexity of the Lunar
infrastructure by suggesting the use of water directly in these engines and skipping
electrolyzation altogether. Although using water instead of hydrogen would drastically
decrease the engine Isp, the argument was that an engine with a high Isp is not necessarily
the best when a vehicle is reusable according to the Ideal Rocket Energy Equation (IREE)
derived by Dr. Anthony Zuppero [11]. [12,13]
2.4 Ideal Rocket Energy Equation
The IREE discussion begins with that the purpose of any transportation system is
to get something from point A to point B. In terms of space transportation systems, the
more payload mass that can be transported, the better. The Ideal Rocket Equation (IRE),
shown in Eq. (2.1), uses and provides information about a single mission (i.e., filling up a
semitruck with all the fuel that it will use during its operational lifetime). Therefore, the
higher the 𝐼𝑠𝑝 , the lower the initial vehicle mass. For aggregating a non-reusable vehicle
without consideration for refueling, the higher 𝐼𝑠𝑝 approach works well since the most
important parameter is the mass delivered by the launch vehicle and should be minimized.
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However, when aggregating a reusable vehicle, the number of flights that the vehicle is
capable of throughout its operational life becomes the most important parameter and should
be maximized.
Both electrical and NTP systems operate by introducing energy into the propellant.
This energy can be changed to meet mission parameters, unlike chemical propulsion where
the energy per unit mass is set. With an energy limited propulsion system, such as NTP,
the interest becomes to maximize the number of flights and maximize the payload mass
per flight. The value of the energy available per flight can be found given the total energy
available from the propulsion system and the desired parameters of payload mass, ΔV, and
total number of flights.
Since propellant is available on the Moon, the propellant mass becomes a secondary
parameter. Therefore, a different parameter should be used that characterizes the energy
available per flight. The propellant mass 𝑚𝑝𝑟𝑜𝑝 can be changed to reflect the total energy
used by a mission Etot via kinetic energy equation as shown in Eq. (2.2)). Then a propulsion
𝐸

system specific energy Esp can be obtained by dividing E by the dry mass 𝐸𝑠𝑝 = 𝑚𝑡𝑜𝑡 .
𝑑𝑟𝑦

Using this, an expression can be derived from the IRE (Eq.(2.1)) that is only based on the
mission Esp called the IREE shown in Eq. (2.3) where the full derivation is provided in
Appendix B. From here, the optimum Isp for a mission with an energy limited propulsion
system can be obtained as shown in Figure 2.9. [11] Here, Esp remains constant, and each
curve represents a different mission ΔV. These ΔVs range from 500 m/s corresponding to
a small burn between asteroids to 10,000 m/s corresponding to LEO to Neptune capture. A
ΔV map is shown in Appendix B akin to a subway system that can be used to make first
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order mission ΔV approximations [71]. As the ΔV increases, the payload mass to dry mass
ratio decreases as the same Esp is used to accelerate a smaller mass to higher velocities. By
setting these parameters constant and varying 𝐼𝑠𝑝 , the propellant and initial vehicle mass
vary according to the IRE. Since the propellant mass was replaced by the kinetic energy,
the required dry mass is varied according to a constant Esp to supply the required energy to
accelerate the required propellant mass. The variation of the dry mass and keeping the
payload mass constant results in the payload mass to dry mass ratio. Here, the optimum 𝐼𝑠𝑝
optimizes the constant Esp to increase the payload mass to dry mass ratio and this point is
marked with a black “x” by minimizing the required dry mass. It is important to note that
although the optimum 𝐼𝑠𝑝 occurs at a peak, there is a range of values that are close to this
peak suggesting that there is a range of optimum 𝐼𝑠𝑝 values within an interval.

𝐸=

1
1
2𝐸
2
𝑚𝑝𝑟𝑜𝑝 𝑉𝑒2 = 𝑚𝑝𝑟𝑜𝑝 (𝐼𝑠𝑝 𝑔𝑜 ) → 𝑚𝑝𝑟𝑜𝑝 =
2
2
2
(𝐼𝑠𝑝 𝑔𝑜 )

(2.2)

2𝐸𝑠𝑝
2

𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
(𝐼𝑠𝑝 𝑔0 )
=
−1
∆𝑉
𝑚𝑑𝑟𝑦
𝑒𝑥𝑝 (𝐼 𝑔 ) − 1
𝑠𝑝 0
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(2.3)

Figure 2.9: Relations among 𝐼𝑠𝑝 , Esp, ΔV, and Payload to Dry Mass Ratio

The IREE discussion presented the reason to consider other lower performing
propellants in terms of the Isp for NTP engines. The task is to find the optimal propellant
for the Mars and LADV missions while considering not only the propulsion system
resulting limitations, but also how these limitations impact the mission cost, feasibility, and
reusability. This establishes Research Question #1, “How do the NTP propulsion system
limitations change with different propellants and how does the engine performance impact
mission cost, feasibility, and reusability?”
2.5 Lunar Propellants
To begin answering Research Question #1, a closer look at the available Lunar
propellants is warranted. Of the volatiles listed in Table 2.1, H2 S, SO2 , C2 H4 , CH3 OH, and
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OH are not considered as major rocket propellants. Hydrogen Sulfide, H2 S, significantly
corrodes titanium [72], stainless steel [73], copper [74], nickel [75] and tungsten [74] which
are materials that make up the majority of rocket engines [58]. Sulfur dioxide, SO2 , is a
product of some solid rocket fuels and cannot be used as a propellant [76]. Ethylene, C2 H4
is primarily considered as a Reaction Control System (RCS) propellant [77]. Methanol,
CH3 OH, will thermally decompose upon heating during Lunar mining operations [78].
Hydroxide, OH, is a very small fraction of the total volatiles and is a natural part of water
due to self-ionization, therefore, it will be mined along with water [79].
2.5.1 Usage of Raw Lunar Propellants in NTP Engines
Water (H2 O), anhydrous ammonia (NH3 ), carbon dioxide (CO2 ), and methane
(CH4) are the remaining raw volatiles that will constitute the propellant or the formation of
propellant on the Moon by Lunar surface operations. No chemical engines can use these
volatiles directly, however, NTP is not limited to the chemistry of the propellant if
significant core degradation does not occur as mentioned previously.

2.5.1.1 Water in A-NTP Engines
Studies on water A-NTP engines were conducted primarily by Dr. Anthony
Zuppero and his team [10–13,80,81]. These studies were largely 1st order and focused on
both the mission and engine architectures. However, this 1st order analysis showed that if
water were to be heated to 1100 K to produce a 198 second Isp, that it would be able to
fulfill missions such as Lunar Surface to Low Lunar Orbit (LLO), LLO to Lunar escape,
LEO to Geosynchronous Orbit (GEO), LEO to Earth Escape, LEO to Mars Transfer Orbit
(MTO), LLO to GEO, and LLO to MTO [13]. All of these considered missions had
relatively low ΔV of below 2000 m/s and heavily relied on propellant depots in space [10].
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The chamber temperature of 1100 K was set due to zirconium carbide (ZrC) cladding being
the most common material for nuclear reactors at the time and it would significantly
oxidize at higher temperatures [82,83]. Silicon carbide (SiC) cladding [84–86] or uranium
dioxide within dioxide-based matrix (no carbides) fuels [87] could raise that temperature
resulting in a higher Isp. This will be investigated in further detail in Chapter 5 and
Appendix G.
A basic schematic of Zuppero’s Water A-NTP engine is shown in Figure 2.10.
Here, water begins flowing from a low-pressure water bladder tank into the pump. The
high-pressure water exiting the pump flows through the reactor and gets heated to 1100 K.
At the nozzle chamber, some of the flow is diverted into the turbine to power the pump and
then exhausted. The rest of the water in the chamber flows out the nozzle to produce thrust.
[80]

Figure 2.10: Zuppero’s Water NTP Engine [10,12,80]
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Advantages and disadvantages of using a Pressurized Water Reactor (PWR) versus
a Boiling Water Reactor (BWR) were examined. It was determined that the BWR had the
advantage due to the lower inlet pressure requirement resulting in much lower pump mass
despite the decreased heat transfer efficiency. However, should there be a way to reduce
the pump mass, then the PWR would be the best choice. Furthermore, no power balance
engine model was presented in this study. [81] It is important to note that this is an engine
concept and no high-fidelity modeling or testing was done for this engine.

2.5.1.2 Ammonia in A-NTP Engines
Ammonia dissociation was analyzed in a solar thermal thruster. The study focused
on the region of the engine from the chamber to the nozzle exit. It was determined that flow
can be considered as frozen (no chemical variations) below temperatures of 2500 K due to
the slow kinetics of ammonia. Significant effects of dissociation have shown to only be
present at chamber temperatures above 3000 K. The largest of these effects was an increase
in Isp by tens of seconds. This study did not present any kind of engine cycle or consider
turbomachinery. [88]
From chemical equilibrium experiments, the onset of ammonia dissociation begins
at 1100 K and ammonia is fully decomposed into hydrogen and nitrogen at 1700 K [89].
Both of these temperatures are significantly lower than the ammonia solar thermal thruster
study [88] suggesting that some ammonia dissociation will occur at the temperatures
examined. Furthermore, in high temperature nitrogen flow tests at the Nuclear Thermal
Rocket Element Environment Simulator (NTREES), nitrogen became reactive with fuel
elements at temperatures above 2300 K [90] suggesting that some reactions could occur at
the onset of ammonia dissociation. However, the extent of the effect of these reactions on
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the fuel element integrity is unclear which will require future experimental work. For the
purposes of this study, suggestions from the solar thermal thruster will be taken and effects
of ammonia dissociation will be neglected at temperatures below 3000 K [88].
A mission analysis study was conducted that compared the use of ammonia A-NTP
and H-NTP engines for the use of deep space science missions. This preliminary analysis
assumed an ideal Isp of 440 seconds for ammonia and 900 seconds for hydrogen for a
chamber temperature of 2586. Current H-NTP considerations show that 2700 K will
produce a 900 second Isp suggesting gross overestimation of this parameter in this study
[53]. [91] No ammonia A-NTP engine architecture or power balance model was found in
literature.

2.5.1.3 Carbon Dioxide in A-NTP Engines
Current vehicle architectures consider tank pressures between 1 atm to 2 atm as the
reference. All the remaining raw volatiles can be in a liquid state at these pressures except
for carbon dioxide which requires a pressure of at least 5.1 atm [24]. Thus, according to
the reference limitations, carbon dioxide as a propellant for A-NTP will be disqualified for
the current context.

2.5.1.4 Methane in A-NTP Engines
Methane undergoes thermolysis relatively quickly due to its short chemical kinetics
and the free carbon atoms in the reactor channels will clog and/or insulate the fuel element
resulting in an impractically short core life [92]. Therefore, methane will not be a
considered propellant option for NTP.
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From this overview, detailed models of A-NTP engines do not exist that are of
similar fidelity to the H-NTP engine reference models. Therefore, to begin answering
Research Question #1, engine analysis must be performed for water and ammonia A-NTP
engines to determine their limitations and force these engines to function at the E
limitation. Once this is achieved, both transient and steady state engine operation metrics
will need to be extracted and used to examine the impact on the Mars and LADV mission
architectures and required infrastructures. Therefore, Research Question #2 becomes: What
are the engine architectures and operational parameters for water and ammonia that will
maximize the use of the 235U energy resource?
2.5.2 Usage of Lunar Derived Propellants in Other Engines
Other engines should also be considered that operate on propellants that can be
manufactured from the raw Lunar volatiles to fully explore the propellant options for both
NTP and chemical engines to answer the engine performance aspect of Research Question
#1. Although carbon dioxide cannot be used as a propellant due to tank pressure limitations
in the present context, it can be combined with hydrogen from electrolyzed water to form
methane via Sabatier process [93–95]. The modules required to enable the Sabatier process
are not part of the CLPA but have been tested in laboratory environments with the mass
and species yield parameters for each Sabatier unit shown in Table 2.5 [95]. This results in
two pairs of Lunar derived propellants which include H2+LOX and CH4+LOX where
LOX is liquid oxygen. The H2+LOX propellant can be utilized by both chemical [28,39]
and Liquid oxygen Augmented Nuclear Thermal Rocket (LANTR) [96,97] engines while
the CH4+LOX can only be utilized by chemical [98] engines.
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Table 2.5: Sabatier Process Single Module Parameters [95]
Methane Production Rate (kg/day)
Water Production Rate (kg/day)
CO2 Supply Rate (kg/day)
H2 Supply Rate (kg/day)
Catalyst Mass (kg)
Power Requirement (W)
Mass per Module (kg)

8.030
18.072
22.088
4.052
0.284
811.500
21.766

2.5.2.1 H2+LOX Chemical Engine
The LADV reference considers the RL-10 engine; therefore, this will be the
H2+LOX Chemical engine reference. This engine produces 25 klbf of thrust and uses the
expander cycle architecture. The RL-10 has been flying since 1962 and is typically used
for upper stages due to its vacuum operation design. The engine schematic is shown in
Figure 2.11. Here, both the fuel (LH2) and oxidizer (LOx) are fed into the pumps to be
pressurized. In the case of the RL-10, the fuel is pressurized much more than the oxidizer
to mitigate increased pressure losses as it is used for regenerative nozzle cooling and
powering the pump turbines. After going through these elements, the fuel must have
enough pressure left as it enters the combustion chamber to provide sufficient thrust. It is
important to note that the RL-10 does not incorporate a pre-burner or gas generator to
increase the turbine fluid enthalpy and that all the enthalpy is gained from the regenerative
nozzle cooling. The key performance parameters of the RL-10 engine include 25 klbf of
thrust, mass flow rate of 25.2 kg/s, and Isp of 465 seconds achieved at a mixture ratio of 6.
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The mass of the engine is stated to be 350 kg. [28,39] The RL-10 engine has a maximum
design operational life of 4,500 seconds with 20 design starts [99].
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Figure 2.11: RL-10 Engine Schematic [100]
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2.5.2.2 LANTR
The LANTR engine was a concept that was explored for faster transit times to the
Moon by significantly increasing the engine thrust by up to 440% and decreasing the Isp by
45% at the maximum oxygen to hydrogen mass mixture ratio of 6. The reference LANTR
engine produces 15 klbf of thrust when using pure hydrogen with a Isp of 905 seconds as
shown in Figure 2.12. Oxygen would have its own turbomachinery dependent on the
combustion of an oxygen-rich mixture of oxygen and hydrogen inside a preburner. Oxygen
would be injected into the supersonic exhaust stream inside the nozzle to combust and
effectively creating an afterburner for the NTP engine. This engine was modeled with highfidelity but no testing was done. [96,101] The total engine life of LANTR has not been
discussed in literature, therefore, based on the high temperatures resulting from a H2-LOX
combustion of over 3500 K [102] and the 17 hour reference operational life of NTP engines
[54,103], an assumption is made that the LANTR engine will have the same operational
life as the SSME of 7.5 hours [99].
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Figure 2.12: LANTR Engine Performance Data [96]

2.5.2.3 CH4+LOX Chemical Engine
A CH4+LOX Chemical engine that has the same thrust as the RL-10 is the Aeon 1
with a Isp of 360 seconds occurring at an oxygen to methane mixture ratio of 2.9 and a dry
mass of 400 kg [98]. The engine design was mentioned to be specifically a gas generator
cycle which is shown in Figure 2.13. Here, the major components of the engine are listed
for illustration purposes. No operational life for the Aeon 1 engine was found in the
literature, therefore, the operational life will be based on SpaceX’s Raptor engine which
also uses a CH4-LOX propellant. Elon Musk has claimed that these engines can be
operated for up to 1000 flights where the main burn duration of the first stage is
140 seconds resulting in a total operational life of 140,000 seconds or 38.89 hours
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[51,104,105]. However, this operational time has not yet been demonstrated and is only
based on Elon Musk’s word without any formal documentation. Therefore, this value will
be assumed, but if this engine results in being the best candidate, then a required engine
life to perform like the next best engine in terms of reusability will be calculated and
compared to the demonstrated lives of the RL-10 of 4,500 seconds and SSME of
27,000 seconds [99].

Figure 2.13: Aeon 1 Engine Schematic [100]

46

2.6 Lunar Propellant Performance in the Mission Context
Research Question #2 does not fully answer Research Question #1 as it does not
address the mission performance implications of alternative propellants. To understand
how the engine performance impacts the mission cost, feasibility, and reusability, a mission
analysis that incorporates both vehicle performance and infrastructure requirements is
required.
A major aspect of this is the vehicle dry mass which is correlated to cost by
NAFCOM [70]. A large contributor to the vehicle dry mass is the tank mass which changes
with respect to different propellant storage conditions and densities. Figure 2.14 shows the
correlations of both tank volume ∀ and propellant mass to tank mass for LH2, LOX, water
and ammonia while Eq. (2.4) through (2.6) show the correlations used [106]. Note that
there is no specific equation for water or ammonia since these propellants are not
considered to be cryogenic [107], therefore, no special insulation is needed and the
equation for other tanks is to be used. Based on these results, the tank mass with respect to
volume is almost the same for both LOX, water, and ammonia with the LOX tank being
slightly higher due to the additional insulation as seen on the left graph of Figure 2.14.
Here, the tank masses of LOX, water, and ammonia are all higher than LH2 with respect
to volume. However, it is necessary to correlate the tank masses to the propellant mass.
Therefore, the volume was divided by the densities of the considered propellants (71 kg/m3,
1141 kg/m3, 997 kg/m3, 705 kg/m3 for LH2, LOX, water, and ammonia respectively) and
the tank masses were plotted against the propellant masses on the right graph of Figure
2.14. This plot shows the steep cylindrical tank mass growth resulting in another one of the
disadvantages of using hydrogen. The conclusion from this is that to save on both dry mass
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and cost, a dense propellant should be used. This is further illustrated by the LOX line
having a smaller slope than the water line which is consistent with LOX’s slightly higher
density.

Figure 2.14: Tank Mass Versus Propellant Mass and Volume
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48

(2.4)

(2.5)
(2.6)

The dry mass of a vehicle has a direct relationship to the cost of the vehicle.
NAFCOM has cost models that were recreated based off their model outputs and shown in
Figure 2.15. The cost models are power functions in the form of ax b fitted to historical data
and shown in Eq. (2.7) through (2.12). It is readily seen that cost increases as a function of
the dry mass. The spacecraft cost on the left side graph of Figure 2.15 corresponds
primarily to the habitat or payload of the transfer vehicle. The launch vehicle costs were
assumed to have correlation to the transfer vehicle itself excluding the engines based on
the parameters provided by NAFCOM. The bulk of the cost lies in the development and
the standard learning curve of 85% was applied. [70,108]

Figure 2.15: NAFCOM Cost Model
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0.662
𝐶𝐶𝑆 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 0.5688𝑚𝑑𝑟𝑦

(2.7)

0.55
𝐶𝐶𝑆 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡𝑎𝑙 = 18.07𝑚𝑑𝑟𝑦

(2.8)

𝐶𝐶𝑆 𝑇𝑜𝑡𝑎𝑙 = 𝐶𝐶𝑆 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐶𝐶𝑆 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡𝑎𝑙

(2.9)

0.662
𝐶𝐿𝑉𝑆 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 0.1694𝑚𝑑𝑟𝑦

(2.10)

0.55
𝐶𝐿𝑉𝑆 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡𝑎𝑙 = 7.128𝑚𝑑𝑟𝑦

(2.11)

𝐶𝐿𝑉𝑆 𝑇𝑜𝑡𝑎𝑙 = 𝐶𝐿𝑉𝑆 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐶𝐿𝑉𝑆 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡𝑎𝑙

(2.12)

Figure 2.5 showed the hierarchy of all the considered components of a Deep Space
mission architecture that relies on ISRU with the Lunar infrastructure supporting both
Lunar Vicinity and Deep Space vehicles. If only the Deep Space vehicles are considered,
then both the propellant type and propellant quantity stemming from the engine Isp impact
the infrastructure requirements. The propellant type guides the infrastructure elements that
are required such as electrolyzers and Sabatier units while the propellant quantity guides
the number of each element. The propellant quantity is directly related to the Isp of the
vehicle that the infrastructure supports.
The reference H2+LOX Chemical engines that were considered by the CLPA study
[2] have a Isp in the range of 450 to 485 seconds [39]. Other considered engines other than
H-NTP and LANTR will have a lower Isp than the H2+LOX Chemical engines based on
the NTP system maximum fuel temperature limitations of 2850 K and higher molecular
weights of water and ammonia. Although these propellants do not require electrolyzers and
can be used directly in A-NTP engines after purification, the propellant production load on
both the mining tents and separation/purification units can be expected to be higher simply
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based on the lower expected Isp. However, without analysis, it is difficult to estimate the
expected impact on the infrastructure given that there are many interdependent variables
such as engine mass, engine Isp, engine thrust, propellant impacts on NTP system
limitations, propellant density impacts on vehicle tank mass, and the impact of the Lunar
Vicinity vehicles. All these interdependent variables will drive the required propellant to
be produced by the infrastructure given a propellant type. This will in turn drive both the
required infrastructure element types and their quantities as well as the number of Earth
launches required to deliver these infrastructure elements to the Lunar surface. The
required analysis of all these interdependent variables will be addressed in the next chapter.
Since the dry mass and cost of the vehicle is expected to change along with
infrastructure requirements when different propellants are utilized for a mission, Research
Question #3 becomes, “How are missions impacted by changing the propellant and what
are the implications to the mission architecture including supporting infrastructure when
reusability is considered?”
2.7 Summary
As NASA prepares to send humans to Mars by learning how to utilize ISRU
technologies on the Moon via the Artemis program, it is important to understand the
challenges and limitations of the current approach to utilize electrolyzed water. A few
studies have proposed to not electrolyze water on the surface but to either electrolyze it on
the vehicle or to use water directly. However, detailed power balance engine analysis has
not been completed for water A-NTP engines and only first order Isp calculations were
performed for ammonia A-NTP engines. Furthermore, no study has considered to use InSitu Lunar ammonia as a propellant and the current infrastructure architecture will simply
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vent excess non-water resources. Therefore, this literature review results in the following
research question which is answered by two detailed research questions:

Research Question #1:
How do the NTP propulsion system limitations change with different
propellants and how does the engine performance impact mission cost,
feasibility, and reusability?
Research Question #2:
What are the engine architectures and operation parameters for water and
ammonia that will maximize the use of the U-235 energy resource?
Research Question #3:
How are missions impacted by changing the propellant and what are the
implications to the mission architecture including the supporting
infrastructure when reusability is considered?

By answering Research Questions #2 and #3, the performance of engine and vehicle
architectures as well as the infrastructure requirements when different propellants are used
will yield the information required to answer Research Question #1. The next chapter will
examine the methodology that is going to be used to generate the necessary data and answer
these research questions.
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CHAPTER 3

METHODOLOGY

This research aims to address Research Question #1 dealing with the performance
of NTP when different propellants are used and the impacts on the mission:
How do the NTP propulsion system limitations change with different propellants
and how do these limitations impact mission cost, feasibility, and reusability?
This requires an analysis to be performed on a system that includes engines,
vehicles, infrastructure, and launch vehicles. The starting point of this are the A-NTP
engines. However, no literature has examined detailed power balance cycles of A-NTP
engines, therefore, Research Question #2 will address this:
What are the engine architectures and operational parameters for water and
ammonia that will maximize the use of the 235U energy resource?
To answer Research Question #2, A-NTP engine power balance models will need
to be designed that will function with water and ammonia as separate propellants. Different
operational parameters of these engines will also need to be examined. Since, reactors are
power limited in a sense that there is a reactor design power limit Q. They are also energy
limited for a single mission if the ΔV is so high that it exceeds the total energy that a reactor
can produce. However, this study does not only look at a single mission but also on
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reusability. Therefore, it is necessary to minimize the energy required per mission to
maximize the number of missions a single engine block can support throughout its
operational life. The way this will be achieved is by bringing the energy limits E and
material limits T closer together. Otherwise, if a high specific impulse approach is used, it
is possible that T will be reached before E. Once these power balance models have been
built, Research Question #3 will address the impacts of using these alternative propellants
on the vehicle, mission, and required infrastructure:
How are missions impacted by changing the propellant and what are the
implications to the mission architecture including the supporting infrastructure when
reusability is considered?
To answer Research Question #3, a vehicle model will need to be built that will use
the engine parameters to determine the required propellant mass to perform these missions.
An infrastructure model will need to use this propellant mass to provide the required
infrastructure architecture which includes launch vehicles that will support these vehicles
and missions. The answers to Research Questions #2 and #3 will provide the data necessary
to answer Research Question #1.
3.1 Engine Modeling
Previous modeling work for H-NTP engines will serve as the foundation for the
current modeling work. The equations, formulations, and theory used is described in detail
in Appendix C. This previous work modeled the AR PBM 3.0 H-NTP engine in Simulink
with separate blocks for each major component such as pumps, turbines, and cooling and
heating channels [56]. The H-NTP engines that will be modeled in this work are the AR
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PBM 5.7 and AR PBM 02092021 as they feature major updates to the reactor components
[52,53]. These new AR PBM engines will serve as certified models against which the
Simulink H-NTP models of this work will be validated by comparison [109]. The Simulink
H-NTP models will need to yield the AR PBM model results given the same operating
conditions to within 4% error as described by the Rules of Thumb for numerical
aeroturbomachinery modeling [110].
Further validation will also be performed by comparison [109] against NERVA’s
XE-Prime engine. Here, the comparison will be against experimental data of the same
engine operating at different conditions. Therefore, an engine state will be matched by the
model, then the operating conditions will be changed and revalidated against a different
engine state. [111,112] The error criteria against experimental data has to be within 8%
error according to the same Rules of Thumb for numerical aeroturbomachinery modeling
[110].
Once validation has been completed, the performance metrics of the H-NTP engine
will be extracted for various operating conditions and thus form a surrogate engine transient
performance table. These parameters will then be used to infer the transient response of the
LANTR engine while using the data from previous research for the performance
parameters. Although the only performance parameters that are available for various
mixture ratios of oxygen to hydrogen are the thrust and specific impulse, they will be
enough to back calculate the mass flow rates of both hydrogen and oxygen which are
required for vehicle propellant mass estimations. Since the LANTR engine is basically a
H-NTP engine with oxygen injected after the nozzle throat for supersonic combustion, the
case of a 0-mixture ratio will yield the same performance parameters as the reference
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H-NTP engine. However, due to the addition of extra hardware required for oxygen
injection and nozzle reinforcement, the total engine mass will increase by 4.5% [96].
[96,101]
Chemical engine transients with respect to the overall length of the burns for the
considered mission architectures are negligible [28]. The engine transients are on the order
of 2 to 3 seconds [39] while the shortest burn time considered will be 181 seconds [36].
This burn time for chemical engines will be longer since the propellant mass is higher and
the 181 seconds value was taken from a H-NTP vehicle burn schedule. When considering
both the start-up and shutdown transients of the chemical engine, only a conservative
maximum of 3.3% of the entire burn will be transient [28,39]. Therefore, a 𝐼𝑠𝑝 and a thrust
value for a given mixture ratio will be sufficient in determining mission architecture
performance parameters.
Both the water and ammonia A-NTP engines will be modeled based on the
validated components from H-NTP engine models. Since the components will be validated
to predict different operating regimes based on the underlying physics, changing the
working fluid will not invalidate these components. The analysis will be largely on the
non-nuclear components as the moderator block and control drums are expected to be
sufficient in controlling the effects to the neutron population as different fluids flow
through the reactor as was shown in previous work [56]. This will allow the use of reactor
parameters provided by BWXT for the use of general NTP engine modeling which are
accepted standards in the Space Nuclear Propulsion program [54,63,113,114]. The engine
cycles will likely need to be modified from the reference H-NTP given the significantly
different thermofluid properties of water and ammonia from hydrogen [32] and the

56

necessity to avoid the boiling phase change regime before the turbine components [60].
These engine cycles will then be reviewed by a panel of experts for validation by expert
review [109].
There will be two different A-NTP engine approaches to cover the engine design
space and incorporate both the maximum Isp and maximum reusability approaches
provided by the IRE and IREE, respectively. To achieve maximum Isp, the maximum
allowable material temperatures will be incorporated from literature. To maximize the
engine reusability, the nozzle throat area and maximum temperatures will be adjusted to
make the T and E operating limits the same. Furthermore, to yield similar operating
conditions as the H-NTP engines using the same reactors, thrust levels of 15 klbf, 25 klbf,
and the thrust produced at Q will be considered. These operational regimes will be able to
characterize the engine performance of A-NTP engines as well as perform a full
comparison to H-NTP engines thus resulting in the answer to Research Question #2.
3.2 Vehicle Analysis
The supporting infrastructure, which will be discussed in the next section, will need
the propellant mass which must be produced, the required number of launch vehicles to
assemble the mission vehicle, and the mission vehicle dry mass to estimate the mission
vehicle cost. The mission vehicle in this case is the vehicle of interest such as the LADV
or MTV. There are several Key Performance Parameters (KPPs) that will be necessary to
provide this data to the infrastructure model:


Dry mass – used in NAFCOM models to estimate the vehicle cost.



Propellant mass – provided to the infrastructure for propellant production.
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Volume – used to separate the mission vehicle into stages according to launch
vehicle limitations and compare the resulting mission vehicle size against other
mission vehicle architectures.



Number of mission vehicle stages – defines how many launch vehicles are needed.



Number of engines – used in dry mass estimations and provides the engine cost
from NAFCOM since these components use a different power curve [70].



Number of missions per engine block – defines how many engine replacements are
required throughout the duration of the infrastructure life.
The mission vehicle performance model will build on previous work that will

analyze transient NTP engines with iterative time steps that reduce the propellant mass
based on the engine mass flow rate instead of using the IRE [57,115] as this equation cannot
implement the engine transients. During each time step, the surrogate engine transient
performance table will be evaluated based off a previous reactor power 𝑄̇𝑝𝑟𝑒𝑣 and a desired
reactor power 𝑄̇𝑑𝑒𝑠 (100% during engine startup and steady state burn and 0% during
engine shutdown). The reactor fuel temperature and chamber pressure will be evaluated at
𝑄̇𝑝𝑟𝑒𝑣 and compared with the required 𝑄̇ to achieve the NERVA ramp rates of 83 K/s and
3.4 atm/s, respectively [111]. The 𝑄̇ for each respective ramp rate will be evaluated and
the 𝑄̇ that satisfies both ramp rates will be chosen and set to be 𝑄̇𝑛𝑒𝑤 . Based on this new
reactor power level 𝑄̇𝑛𝑒𝑤 , the engine performance parameters will be reevaluated at the
next time step.
To setup the vehicle structures, a portion of the reference vehicle dry mass will be
replaced with tank mass correlations from Eq. (2.4) through (2.6) [106]. The initial guess
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for the propellant volume to start the code will be that of the reference for all considered
fluid and engine configurations. The propellant mass will then be determined iteratively by
running full mission analysis with the 1 second interval until the tanks empty. Based on the
resulting ΔV, the propellant mass and volume will be adjusted until the ΔV converged with
the reference. If the propellant volume decreases by the volume equivalent to an entire
stage, a stage will be subtracted along with the accompanying dry mass and vice versa. The
vehicle analysis code will be validated by comparison [109] against the reference mission
architectures described in Section 2.2 [26,37] and 2.3.1 [38].
Although the vehicle analysis alone will not provide the answer to Research
Question #3, it will provide the basis which the infrastructure model will use to identify
the required components and their quantities to support the architecture. For this purpose,
the output of the vehicle performance code will include the KPPs described earlier in a
tabulated format for the different engine and propellant configurations. These parameters
will be used in the infrastructure analysis to generate the data needed to answer Research
Question #3.
3.3 Infrastructure Analysis
3.3.1 Infrastructure Design Overview
The infrastructure analysis will use a multi-level design approach:


Level 1 – Design the infrastructure to a single propulsion system with no further
modification to the infrastructure (this research). This means that additional
vehicles could be introduced into the architecture if no alteration to the
infrastructure propellant production capabilities is made. This means that a vehicle
can be added which utilizes an excess resource such as ammonia directly. However,
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this does not mean that if water is an excess resource that a vehicle utilizing the
H2+LOX propellant can be added since that will require additional electrolyzers
and power units to separate the excess water into hydrogen and oxygen.


Level 2 – Design infrastructure to a single propulsion system and modify/add
elements as needed (future research). This means that if a resource such as water is
in excess, then a vehicle utilizing H2+LOX propellant can be added to the
architecture along with additional infrastructure elements such as electrolyzers and
power units.
The Level 1 infrastructure design approach serves to design the infrastructure

around a propulsion system (this includes all considered engines, not just the reference)
and considers all the infrastructure elements needed to support this propulsion system over
a 10-year life span of the infrastructure. Should the propulsion system outlive the
infrastructure, the total life of the engine (mission time and burn time) will be capped at
the infrastructure 10-year limit since the same elements such as pumps and nuclear reactors
are used in both applications [2,26,65,67]. Furthermore, if the engine life comes short of
the 10-year infrastructure life, only the engines will be considered to be replaceable while
the vehicle itself is assumed to have a 10-year life based on CLPA and LADV studies
[2,38]. As was discussed in Section 2.3.4, utilizing just one propulsion system will result
in the excess Lunar resources that are proposed to be vented after the full utilization of a
mined resource (water in the reference case) for an alternative propulsion system [2].
Part of this research will be to determine if utilizing these excess resources, such as
ammonia, is economically feasible by introducing a Supplemental Vehicle to a Level 1
infrastructure which was designed to support a Main Mission Vehicle. Both the
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Supplemental Vehicle and Main Mission Vehicles perform the same mission. It is
important to note that the Main Mission Vehicle is the arbitrary vehicle that performs an
arbitrary mission (includes both Mars missions and the LADV mission) around which the
infrastructure is designed. The Supplemental Vehicle is just added to this architecture to
increase the total number of the same mission supported by a given infrastructure by
utilizing some of the excess resources left over from the Main Mission Vehicle. This
terminology will be used throughout this study.
Future research will determine if the Level 1 infrastructure design should be
expanded into a Level 2 design to further process and utilize the left-over volatiles by
including additional launches and elements to build upon the existing infrastructure. These
further processed volatiles could be utilized by either the propulsion system for which the
infrastructure was originally designed, other Supplemental Vehicle architectures, or other
mission architectures entirely.
Based on these distinct infrastructure levels, it is important to further distinguish
between the infrastructure necessary to support the LADV for propellant delivery to space
customer vehicles and the infrastructure necessary to support the Mars missions that the
LADV supports as was discussed in Section 2.2. In essence, the LADV is part of the
infrastructure for the vehicles that it supports. If the infrastructure elements that support
both the LADV and supported vehicles are considered together, then that will result in a
spread of resources between the two infrastructures and resemble a Level 2 infrastructure.
This will yield to an unfair comparison between the different propulsion systems given the
advantages of a Level 2 infrastructure as stated previously. Therefore, the LADV will be a
special case for an infrastructure element as it will be considered as an extension of a
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Supplemental Vehicle with the cost per LADV mission incorporated into the cost of adding
the Supplemental Vehicle to the alternative mission architecture. It is also important to note
that the vehicles delivered to LDRO will be empty and rely on the infrastructure to conduct
the first voyage. This will be done to compare the performance of these missions with
minimal reliance on Earth resources since it is one of NASA’s Artemis goals to design an
Earth independent infrastructure on the Moon [27].
The full architecture that defines the scope of this study is shown in Figure 3.1
where the highlighted portion is the reference AR architecture. The other elements of this
architecture are those that must be added to utilize In-Situ propellant to support the Mars
missions carried out by the MTV. Here, the hardware components are all launched from
Earth and no components are developed on the Lunar surface. These elements will need to
be brought down to the Lunar surface by LCL and, as was stated in Section 2.3.1.2, NASA
is currently seeking ideas for such a vehicle [42]. Therefore, a part of Chapter 7 will analyze
the mass requirements of the LCL and incorporate those into the surface payload
capabilities of the considered launch vehicles. Once it is determined how many launches
and number of infrastructure elements are required to support a Main Mission Vehicle,
then a Supplemental Vehicle that will be performing the same mission in parallel to the
Main Mission Vehicle will be analyzed. Based on the number of required Earth launches,
Lunar launches (provided by the LADV), and infrastructure elements, the cost of the
architecture will be determined.
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Figure 3.1: The Scope of the Architecture in this Study
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3.3.2 Infrastructure Cost
The cost estimation will be based on the NAFCOM cost estimating model [70].
Developmental costs will not be incorporated in this research as it is assumed that the
technology is ready to go, and that the minimal infrastructure base has already been
established in the same way as it was detailed by the CLPA study [2]. The only necessary
components that will be considered are the quantities of the required infrastructure
elements from using a Level 1 infrastructure approach. Economies of scale will be
employed from NAFCOM by using the cost estimating power curves based on the number
of units produced and the mass of one unit [70]. These cost relations will be applied to the
vehicles, engines, electrolyzer units, KRUSTY power units, and Sabatier process units.
3.3.3 Infrastructure Performance Comparison
There are 6 KPPs that describe the performance of this infrastructure:


Infrastructure Element Characteristics – defines the types and quantities of the
required infrastructure elements required to support a Main Mission Vehicle and
will not change once a Supplemental Vehicle is added.



Engine Replacements – if an engine block exceeds its operational life during the
10-year life of the vehicle, then the engine block will be replaced.



LADV Launches – only applicable to the Mars missions. The LADV is used to
deliver in-situ produced propellant from the Lunar surface to retank the MTVs.



Total Number of Missions – the total number of missions possible with the Main
Mission Vehicle and Supplemental Vehicle.



Total Cost of Architecture – includes infrastructure element, engine, mission
vehicle, LADV launch (only for Mars missions), and launch vehicle costs. The
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launch vehicle costs include all launch vehicles required to support the architecture
within the 10-year period including those required for engine block replacements
and mission vehicle aggregation.


Cost per Mission – defined as the Total Cost of Architecture is divided by the Total
Number of Missions. Here, if economies of scale emerge, the Cost per Mission will
capture it.
As mentioned previously, it is expected that a Level 1 Infrastructure will result in

excess resources that will be available for use by a Supplemental Vehicle. Since the
resources left-over will be the raw, unprocessed Lunar volatiles, the Supplemental Vehicles
will be those that can utilize alternative Lunar In-Situ propellants. Although alternative
infrastructures that utilize alternative propellants can be compared to other infrastructures
that process Lunar volatiles into other higher performance propellants, it is also necessary
to understand the impact on the total architecture when a Supplemental Vehicle that can
use the excess unprocessed volatiles is included.
Figure 3.2 shows the KPPs listed and the methodology that will be used to
determine the impact of a Supplemental Vehicle on these KPPs. The only KPP that is
forced to be constant is the infrastructure. However, the load on the architecture that the
Supplemental Vehicle will add will be considered such as additional engine replacements,
additional LADV launches, and the total cost of adding the Supplemental Vehicle which
include the vehicle and engine costs as well as the launch costs. The total cost per mission
will be equal to the sum of all costs divided by the sum of all missions. Therefore, if the
addition of a Supplemental Vehicle will make the cost per mission higher than the Main
Mission Vehicle, then the use of that Supplemental Vehicle will not be advantageous from
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a cost perspective. Validation of this infrastructure model is not necessary since the data
used is taken directly from literature and NAFCOM is already a validated tool [70].
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Figure 3.2: Infrastructure Methodology
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3.4 Scoring Results
A normalized score card approach will be used to determine which propulsion
systems scored the highest according to the KPPs mentioned in Sections 3.2 and 3.3 for
both vehicle and infrastructure results. The scores for each propulsion system according to
each KPP criterion will be calculated by normalizing each parameter 𝑝 to a maximum value
across all propulsion systems. If greater values result in a lower performance, such as
higher dry mass, then Eq. (3.1) is used for pre-normalization to obtain 𝑝̅ . To normalize and
convert to percentages, each pre-normalized value 𝑝̅ is divided by the maximum value of
𝑝̅ and multiplied by 100 to get the normalized percentage value 𝑝̌ as shown in Eq. (3.2).
Otherwise, Eq. (3.3) will be used to get the normalized percentage of the parameter of
interest 𝑛̌. A color code with even distribution will be used with red values representing
percentages lower than 33.33%, yellow values between 33.33% and 66.66%, and green
values higher than 66.66%.

𝑝̅ = 1 −

𝑝
max(𝑝)

(3.1)

𝑝̌ =

𝑝̅
× 100
max(𝑝̅ )

(3.2)

𝑛̌ =

𝑛
× 100
max(𝑛)

(3.3)

68

3.5 Implications
By comparing the performance of each propulsion system in the mission scenarios
considered, the best propulsion system for a mission scenario will be determine along with
the parameters of the supporting infrastructure required. The power balance models of
water and ammonia A-NTP engines will fill the gap in the literature by providing an
in-depth view of the fluid states. Essentially, this study will combine water and ammonia
A-NTP engine models with other previously researched propulsion systems. Then, these
propulsion systems will be incorporated into vehicle performance models with parameters
set to satisfy various mission architecture requirements. By using these performance
parameters, the infrastructure requirements will be determined which will consider the
elements as well as the launch vehicles. This research will provide conclusions and
establish architectures for the seldomly considered water and ammonia A-NTP engines,
thus filling the gap in the body of knowledge.
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CHAPTER 4

H-NTP MODEL DEVELOPMENT

Chapters 4 and 5 focus on the H-NTP and A-NTP engines, respectively. Figure 4.1
show where these two chapters will focus with respect to the overall scope of this study. It
should be noticed that these engines are considered to support both LADV and MTV
mission vehicles. Since the LADV is considered, the thrust to weight ratio will be a major
aspect to the LADV performance as will be analyzed in Chapter 6.
As Section 3.1 described, the approach to NTP engine modeling is coding the
physics of the major components separately and assembling them into a full engine model
inside Simulink. Heat transfer and pressure drops are modeled in all flow channels with
1 cm resolution. The regenerative nozzle cooling channel is modeled with 1 mm resolution
to capture the effects of the throat. Standard momentum and frictional pressure losses are
included in the ducting between the components and inside heating channels [116]. Internal
forced convection for single phase flow was modeled by using the Gnielinski correlation
along with Wood’s friction factor correlation which is the recommended approach when
channel roughness is considered [59]. For two-phase flow, the V. Klimenko correlation is
used for simplicity and accuracy [117] while two-phase pressure losses are modeled by
using the Steiner version [118] of the drift flux model of Rouhani and Axelsson [119]. The
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two-phase code was incrementally validated by inspection during engine model
development and the trends agreed with the theory presented in Appendix C Section C.2.2
Figure C.1 obtained from the literature [120]. The turbomachinery calculations use the
dimensionless parameters of specific diameter and specific speed to find the efficiency of
the respective component from a lookup table [59,121,122]. Isentropic compressible flow
relations are used to model the plume flow inside the nozzle component [123] and the heat
transfer coefficient inside the nozzle is modeled by using the Bartz correlation [124].
Variable fluid properties are considered and are obtained by using CoolProp [32] at every
calculation node to capture the fluid property variations. These relations are described in
detail in Appendix C.
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Figure 4.1: H-NTP and A-NTP Relations to the Overall Architecture
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The functions are modeled in such a way as to input the parameters of the
components as well as the inlet flow conditions to obtain the outlet flow conditions as well
as performance parameters of the respective component. These component outputs are used
to validate the components against existing engine models by comparing both the
component performance and the assembled engine models. The engine component masses
are calculated using historical relations [125] detailed in Appendix C Section C.4 with the
H-NTP engine components used as the references.
4.1 Aerojet Rocketdyne Engine Models
4.1.1 Reference H-NTP Engines
As mentioned in Section 2.3.3.1, there are three engine models that can be used for
validating engine components and the interfaces between them: AR PBM 5.7 [52], AR
PBM 2092021 [53], and AR PBM 3.0 [26]. Of these, the AR PBM 5.7 and AR PBM
2092021 architectures are the most up-to-date and share the same flow schematic shown
in Figure 4.2. Here, the hydrogen flow starts from the Propellant Tank and goes through
the Pump Shut-Off Valve (PSOV) and enters the Boost Pump at State 1. The flow is
discharged from the Boost Pump and enters the first Main Pump at State 2. At State 3, the
flow is discharged from the first Main Pump and enters the second Main Pump. The flow
is discharged from the second Main Pump at State 4. Here, hydrogen is in the supercritical
state due to the pressurization of the pumps and the absorption of heat from pump
inefficiencies and the environment. The flow enters the Pressure Braker Valve (PBV) and
is discharged at State 5. The flow then splits between cooling the Moderator Block and
providing Regenerative Cooling for the nozzle. Due to this splitting, the pressure and
temperature at States 6 and 9 are about the same as that of State 5, but with the mass flow
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rate differing and marginal differences in temperature and pressure due to duct pressure
losses.
Considering the Moderator Block flow, the flow enters the Moderator Element
Control Valve (MECV) which is responsible for equalizing the pressure at State 8 to match
with that of State 12 to prevent back flow. After the flow is discharged from the MECV, it
enters the Moderator Block at State 7 and exits at State 8.
Considering the Regenerative Cooling for the nozzle, the flow enters the
Regeneration Control Valve (REGCV) at State 9. The function of the REGCV is like the
MECV to equalize the pressure at State 12 with that of State 8. The flow is discharged from
the REGCV at State 10 and enters the nozzle channels. At State 11, the flow transitions
from the nozzle to the Control Drums and is discharged at State 12. The flows at States 8
and 12, being at an equal pressure, mix at State 13. The mixing is complete due to
supercritical fluids having no surface tension and instantaneous due to turbulent flow
[85,126–128].
The flow splits among the Turbine Bypass Control Valve (TBCV) at State 18, the
Main Turbines at State 16, and the Boost Turbine Control Valve (BTCV). The temperatures
and pressures at States 16 and 18 are relatively the same with marginal differences due to
duct pressure losses. The mass flow rate going into the BTCV is assumed to be the same
as that of State 14 due to mass continuity. AR did not specify a state prior to the BTCV;
therefore, it is omitted here as well.
There is no state available between the main turbines as it seems that AR has
analyzed the two turbines together as one system. The turbine flow is discharged at State 17
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and enters the Turbine Bypass Valve (TBV) which equalizes the pressure to States 15 to
prevent back flow. The flow from the BTCV is discharged at State 14 and enters the Boost
Turbine where it is discharged at State 15. The flow entering the TBCV at State 18 is
equalized to State 15 as well and is discharged at State 19. Notice that there is no control
valve on the Boost Turbine discharge line as both the TBV and the TBCV equalize the
discharge pressure to State 15. At State 20, the three flows from States 15 and 19 and the
TBV mix completely and instantaneously [85,126–128].
The flow from State 20 enters the Fuel Element Control Valve (FECV) and the
pressure is adjusted to match the desired chamber pressure at State 22. Therefore, the
pressure at State 21 is the required pressure to overcome the pressure losses inside the fuel
elements and still provide the required chamber pressure at State 22.
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Figure 4.2: H-NTP Aerojet Rocketdyne Engine Schematic (Adapted from AR PBM 5.7
[52] and AR PBM 2092021 [53])
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4.1.2 Reactor Power Distribution
The reactor power for the NTP engines is produced by fissioning the

235

U atom to

produce thermal energy. Appendix D discusses the details of this process. The NTP reactor
is cylindrically shaped and both previous work on Simulink NTP modeling [56,57,129]
and the AR PBM series engine modeling efforts assumed an average channel power
distribution throughout the entire reactor. Although this is valid for a single flow direction
across the entire fuel element matrix, it is expected that a portion of fuel elements will be
dedicated to counterflow for preheating in the A-NTP engine models due to the different
fluid properties of water and ammonia when compared to hydrogen. Therefore, the radial
power distribution must be considered.
BWXT performed in-depth reactor analysis in the Monte Carlo N-Particle (MCNP)
transport program developed by Los Alamos National Laboratory and provided their
results in both the radial and axial dimensions. Their reactor parameters show insights into
NASA’s NTP engine system/fuel and moderator development plan conceptual testing
reference design of which BWXT and Aerojet Rocketdyne are providing support for
engine, reactor, and fuel design and analysis. Reactor power levels of 330 MW and
530 MW are considered, and their details are shown in Appendix E. The cross-sections of
these reactors are shown in Figure 4.3 where the fuel elements are circular and arranged in
rings inside a single moderator block. According to BWXT data, the radial power
distribution is steady due to the variation of the

235

U fraction inside the fuel elements.

Furthermore, industry expertise has confirmed that due to this even radial power
distribution, the single channel approximation holds even for individual fuel element rings
[114]. [54,55,113,130]
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Only 2% of the total

235

U will contribute to producing energy before the reactor

becomes subcritical as a High-Assay Low-Enriched Uranium (HALEU) fuel is considered
[63]. 200 MeV are produced per fission reaction which result in 12 MeV carried out of the
reactor by neutrinos due to their seldom interaction with matter. Heat from other produced
particles such as γ-rays, fission products, neutrons, and β-particles can be captured through
scattering interactions with their surroundings. When converting 188 MeV per fission to
J/kg, the result is 77 TJ/kg. Based on this energy yield and the 2% usable mass of 235U, the
total energy is calculated to be [REDACTED] TJ and [REDACTED] TJ for the 330 MW
and 530 MW class reactors, respectively. [59]
A study was done on core longevity at different reactor temperatures and the results
are shown in Figure 4.4. Here, the minimum time that a fuel is expected to perform at a
given maximum fuel temperature is shown. [103] When operating the reference engine
reactors close to Q, the E limits are 19.36 hours and 16.89 hours for the 330 MW and 530
MW class reactors, respectively. The reference uses a carbide fuel and a maximum
temperature of 2850 K [26,52,53]. Based on these results and the trends that they establish,
it is extrapolated that the carbide fuel will perform for 17.23 hours minimum. The analysis
for this is shown in Appendix G Section G.2. This shows that the 330 MW class H-NTP
engines are limited by T while the 530 MW class H-NTP engines are limited by E. The
fuel temperature of the 330 MW H-NTP engines can be decreased to force the T and E
limits closer together; however, this will lower the Isp which will violate the DRA Isp
criterion for H-NTP of 900 seconds [91,131].
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Figure 4.3: Reactor Cross Section (330 MW Right, 530 MW Left) [130]

Figure 4.4: Expected Fuel Endurance [103]
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4.1.3 AR PBM Validation
Each component is modeled and validated against the baseline case. As Section 3.1
mentioned, the error criterion is to obtain results within 4% error [110]. This is satisfied
for both components and complete reference models. Detailed results are shown in
Appendix F. The Simulink recoded H-NTP models for the AR PBM 5.7 and AR PBM
2092021 are referred to as H2-330MW and H2-530MW, respectively. The relative errors
of State Points and KPPs are shown in Table 4.1 and Table 4.2 for both H2-330MW and
H2-530MW, respectively. A detailed walkthrough of incremental component validations
are shown in Appendix F. As can be seen, all parameters fall within the 4% error guidelines
[110].
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Table 4.1: AR PBM State Point Validation

States
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

𝐦̇ %
Error
0.000600
0.000600
0.000600
0.000600
0.000600
0.000500
0.000500
0.000500
0.000800
0.000800
0.000800
0.000800
0.000600
0.173
0.173
0.747
0.747
2.828
2.828
0.000500
0.000500
0.000500

H2-330MW
T%
P%
Error
Error
1.00E-11
0.0486
0.0245
0.0192
0.342
0.600
0.840
0.676
0.867
0.676
0.867
0.647
3.529
0.966
0.626
0.656
0.867
0.625
2.147
0.553
0.014
0.575
0.146
0.654
0.182
0.654
0.229
2.682
0.240
2.413
0.182
0.449
0.470
0.428
0.182
0.535
0.601
0.933
0.147
0.924
0.0913
0.924
0.000900 0.000500
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H2-530MW
T%
P%
𝐦̇ %
Error
Error
Error
0.00940 0.0000
0.121
0.00940 0.0880 0.0592
0.00940 0.0777
0.289
0.00940 0.0467
0.856
0.00940
0.491
0.860
0.0160
0.491
0.820
0.0160
0.149
0.805
0.0160
1.168
0.865
0.00500
0.491
0.787
0.00500
2.865
0.706
0.00500
0.258
0.765
0.00500
0.239
0.865
0.00940
0.252
0.865
1.206
0.325
0.630
1.206
0.295
1.172
0.173
0.252
0.666
0.173
0.900
0.583
0.548
0.252
0.771
0.548
1.363
0.192
0.00940
0.898
0.191
0.00940 1.0379
0.187
0.00940 0.00310 0.00690

Table 4.2: AR PBM KPP Validation
Parameter
Thrust (klbf)
Isp (s)
𝐦̇ (kg/s)
Q tot (MW)
Q FE (MW)
Q MB (MW)
Q CD (MW)
Tf max (K)
W BP (kW)
η BP (%)
η BT (%)
BP Speed (RPM)
W MP (kW)
η MP (%)
η MT (%)
MP Speed (RPM)

4.2

H2-330MW H2-530MW
(%) Error
(%) Error
0.0407
0.134
0.168
0.278
0.00504
0.00133
0.136
0.106
0.0952
0.105
0.136
0.105
0.263
0.178
0.0418
0.681
0.533
0.682
0.0387
0.688
0.564
0.00430
0.0326
0.0141
0.416
1.580
0.0732
0.00268
0.149
0.192
0.168
0.0259

NERVA XE Prime Engine Model
To further validate the modeling approach, the same coded components are used to

assemble the NERVA XE Prime test engine [111,112,132], and the validation is performed
to the steady state test data that fired the engine with the aim to demonstrate performance
and achieve a chamber pressure of 37.63 atm and a chamber temperature of 2278 K. State
Points and some KPPs are obtained from the test data, however, very limited information
is found in terms of the nozzle regenerative flow channel dimensions and total number of
fuel flow channels. This results in “tuning” the nozzle regenerative flow channel
dimensions and number of fuel flow channels to obtain the performance specified by the
State Points. The test data did not report on the thrust, specific impulse, or maximum fuel
temperature; however, it provided enough information to characterize the turbomachinery
performance. Although isentropic efficiency values for the pumps and turbines were not
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reported, they are calculated from the State Points using standard thermodynamic relations
[133] and hydrogen property tables from CoolProp [32]. The reactor power distribution for
these particular test cases was not found, therefore, the BWXT single channel axial power
distribution is used. This should not affect the results as the maximum fuel temperature
was not a measured quantity in these tests and the total heat deposited into the propellant
is independent of the power profile if the inlet and exit State Points match.
The NERVA XE Prime engine was both a hot and cold bleed cycle that bled
chamber hydrogen and reflector hydrogen which entered the turbine after these flows
mixed as shown in Figure 4.5. The hydrogen starts flowing from the propellant tank at
State 1 and passes through the PSOV at State 2 where it enters the single Main Pump. The
flow goes through the REGCV and enters the regenerative nozzle cooling at State 4. From
the nozzle, it enters the reflector/control drums at State 5 and exits at State 6. Here, a small
part of the flow splits to provide the Cold Bleed for the turbines as it enters the Reflector
Bleed Valve (RBV). Most of the flow proceeds to enter the FECV with State 7 being the
reactor inlet. Notice that there are no moderator elements in this design as it uses high
enriched uranium [111]. At State 8, a small part of the flow splits to provide the Hot Bleed
for the turbines as it enters the Hot Bleed Valve (HBV) while most of the flow leaves the
engine through the nozzle. At State 11, the Cold and Hot Bleed flows mix and proceed to
the TV which leads to the turbine inlet at State 12. The turbine flow is discharged at State
13 and leaves the engine. The benchmark validation resulted in errors within 2.5% as
shown in Table 4.3 and Table 4.4 for the State Points and KPPs, respectively.
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Figure 4.5: NERVA XE Prime Engine Schematic (Adapted from Literature)
[111,112,132]
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Table 4.3: NERVA XE Prime Reference Test State Point Validation
NERVA XE Prime

Simulink Model

State

𝐦̇
(kg/s)

T (K)

P
(atm)

𝐦̇
(kg/s)

T (K)

P
(atm)

1
2
3
4
5
6
7
8
9
10
11
12
13

36.151
36.151
35.834
35.335
35.335
32.876
32.840
31.978
2.458
0.866
3.325
3.325
3.629

20.330
20.330
27.720
28.830
79.440
122.800
122.200
2278.000
122.800
2278.000
629.400
633.300
529.400

2.409
2.157
66.000
62.810
50.490
47.560
47.220
37.630
44.770
37.630
34.910
29.600
3.191

36.080
36.080
35.750
35.250
35.250
32.670
32.670
32.670
2.472
0.871
3.330
3.330
3.660

20.330
20.330
27.680
27.950
79.800
123.400
123.300
2278.000
123.300
2278.000
633.000
633.300
530.100

2.409
2.156
66.000
62.800
50.410
47.650
47.210
37.640
46.090
37.630
34.780
29.490
3.272

Error
𝐦̇ %
Error

T%
Error

P%
Error

0.191
0.191
0.228
0.228
0.228
0.616
0.506
2.175
0.543
0.543
0.147
0.147
0.858

7E-08
2E-11
0.142
3.0633
0.450
0.482
0.921
0.002
0.391
0.002
0.570
0.00020
0.131

0.003
0.061
0.002
0.002
0.168
0.175
0.019
0.019
2.941
0.003
0.375
0.381
2.533

Table 4.4: NERVA XE Prime Reference Test KPP Validation
Parameter
Reactor Power
Shaft Speed
Shaft Power
Turbine Pressure Ratio
Pump Efficiency (%)
Turbine Efficiency (%)
Specific Impulse (s)
Thrust (kN)

NERVA XE Prime Simulink Model
1137.000
1131.354
21989.000
21981.000
5096.400
5068.835
9.275
9.275
65.850
65.951
35.360
35.458
710.000
706.316
250.000
249.843
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Error (%)
0.497
0.0364
0.541
0.000575
0.154
0.279
0.519
0.0626

Other structural cooling lines were also used to cool the bolts holding the nozzle to
the reactor, nozzle mating flange, and shield. These flows were a small percentage of the
total mass flow rate and were exhausted along with the turbine exhaust without going
through the main nozzle. The structural cooling components were not coded as they were
not considered in the AR PBM H-NTP designs and details of these flows were not found
in literature other than the changing mass flow rates of the State Points in between the
major engine components, as was indicated in Table 4.5. [132]
Further validation looked into using the same components but at different nozzle
chamber conditions. The difference tolerance for aeroturbomachines between modeling
and experimentation is acceptable up to 8% [110]. Table 4.5 shows the State Points with
percent difference values that violated the 8% difference marked in red. Table 4.6 shows
the engine key performance parameters with differences that violated the 8% error also
marked in red. As can be seen, the turbine component did not adhere to the percent
difference criteria. This is because experimentation with bootstrapping was conducted and
the turbine in the test had supplementary power [132] which was not modeled in Simulink.
This is evidenced by the higher flow rate coming from the Hot Bleed Port and the much
higher-pressure ratio required to produce the required work. Furthermore, due to the
turbine taking the full load of the pump work in the Simulink model, the efficiency is below
the experimentally determined value. It is also possible that an entirely different turbine
was used in this test run, however, information about the turbines was not found in
literature [111,112,132]. It should be noted that in all other validation cases, the turbine
performance was validated with low differences. Furthermore, since the NERVA XE Prime
engine used a bleed cycle, the other components of the engine were minimally affected.
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Therefore, with these results, the approach and developed model components will be
considered validated. The next step is to develop the water and ammonia A-NTP engine
models.

87

Table 4.5: NERVA XE Prime Alternative Test State Point Validation
NERVA XE Prime
State
1
2
3
4
5
6
7
8
9
10
11
12
13

𝐦̇
(kg/s)

T (K)

Simulink Model

P
(atm)

𝐦̇
(kg/s)

T (K)

P
(atm)

Differences
𝐦̇ %
Diff.

T%
Diff.

P%
Diff.

28.712

20.280

2.409

28.490

20.330

2.409

0.767

0.272

0.00400

28.712

20.440

2.300

28.490

20.280

2.249

0.767

0.815

2.204

28.440

25.780

48.520

28.220

25.580

48.970

0.767

0.756

0.926

27.851

26.500

46.680

27.640

25.790

46.590

0.767

2.678

0.185

27.851

70.560

38.310

27.640

72.620

38.210

0.767

2.925

0.258

27.851

107.200

36.540

27.640

114.600

36.180

0.767

6.905

0.999

25.809

113.300

36.060

25.670

114.600

35.800

0.536

1.118

0.733

25.265

2111.000

28.580

25.670

2111.000

28.490

1.607

0.00250

0.299

1.982

112.800

33.890

1.966

114.600

34.830

0.828

1.639

2.795

0.549

2111.000

28.580

0.438

2111.000

28.490

20.210

0.00530

0.299

2.531

501.100

27.080

2.404

502.900

27.250

5.0326

0.356

0.628

2.531

503.300

18.920

2.404

503.300

18.920

5.0326

0.00130

0.0170

2.817

426.700

4.219

2.674

421.200

2.120

5.0789

1.285

49.740

Table 4.6: NERVA XE Prime Alternative Test KPP Validation
Parameter
Reactor Power (MW)
Shaft Speed (RPM)
Shaft Power (kW)
Turbine Pressure Ratio
Pump Efficiency (%)
Turbine Efficiency (%)

NERVA XE Prime Simulink Model
821.000
18690.000
2840.400
4.484
66.690
44.060

88

816.270
19560.000
2894.100
8.923
67.207
35.479

Difference
(%)
0.576
4.655
1.891
98.997
0.775
19.476

4.3

H-NTP Simulink Model Summary
The same approach from previous work was used to recreate the AR PBM engine

models and NERVA XE Prime in Simulink for the purposes of validation by comparison
[56,57]. Each major engine component was modeled based on the underlying physics with
the component parameters and fluid inlet states being the only inputs into the component.
This allows each component to predict a fluid outlet state for different operational regimes
as was demonstrated with the NERVA XE Prime engine models.
The H-NTP Simulink models were validated against the respective engines that were
intended to be modeled. This resulted in acceptable errors that were within the 4% error
limit according to aeroturbomachinery guidelines for models [110]. Furthermore, the
NERVA XE Prime engine model operational regime was changed to match the chamber
conditions of a different test case yielding different operational parameters. Most of the
errors were within the acceptable 8% error according to aeroturbomachinery guidelines for
experiments [110]. However, the turbine pressure ratio and turbine mass flow rate had
extremely high errors which could be due to different turbines used or auxiliary power
added into the shaft since one of the major aspects of the experiment was to test turbopump
bootstrapping. Details on the actual changes between test cases were not found in literature
[111,112]. However, since all other validation cases yielded acceptable turbine
performance errors, the Simulink model components were considered to be validated.
The next chapter will analyze A-NTP engine performance by changing the
component parameters and the fluid. Since the underlying physics are the same and the
components have been validated, it is expected that the results will be able to predict
A-NTP engine performance with sufficient accuracy to perform mission architecture
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analysis. However, the engine cycle is expected to change due to the extremely different
fluid properties of water and ammonia when compared to hydrogen, therefore, revalidation
of these new A-NTP engines will need to be performed. As described in Chapter 3, the
revalidation will be by expert review since no A-NTP power balance models exist in the
literature that could be used for validation by comparison.
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CHAPTER 5

A-NTP MODEL DEVELOPMENT

Design space exploration is warranted for different A-NTP engine cycles utilizing
water and ammonia at different operational regimes. The engine models are designed for
optimum steady state operation with the transient operation analyzed based on the
component parameters. To be consistent with the dimensions of the reference H-NTP
engines, the nozzle exit diameter is not changed and all reactor parameters are kept the
same from the AR PBM models. The thrust regimes considered for the 330 MW class
reactor are from AR with levels of 15 klbf and 25 klbf as well as the maximum thrust
achievable when the reactor is running at Q. Similarly, the regimes of the 530 MW reactor
will include the 25 klbf thrust level and the maximum thrust achievable at Q. The 15 klbf
thrust level is omitted for the 530 MW reactor as it was not considered by AR for this
reactor class. Furthermore, each of these regimes will be evaluated for both expander and
bleed engine cycles.
If the reactor and nozzle dimensions were changed to optimize the A-NTP engines
for each operating regime, the major impacts would be on the mass of the engine if 𝑄̇
becomes Q which would directly affect the E limit of the engine since the total mass of
235

U would change and thus change Ω. If the area ratio of the nozzle were to be increased,
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then a larger exit diameter than the reference and higher engine mass would be observed.
This would also be accompanied by an increase in Isp. Future work will need to analyze the
extend of the impact on Isp and engine mass to determine if it would be advantageous. The
accommodation of the payload fairings would also need to be analyzed to determine if any
of the considered launch vehicles would not be able to support the increased engine size.
Currently, all considered fairings can accommodate at least one H-NTP engine based on
the payload fairing dimensions presented in Appendix A and the engine dimensions
provided by AR [26,52,53].
The steady state chamber pressure will be set to 68 atm, consistent with AR PBM
3.0 for all cases [26] if a 10% bypass flow margin is satisfied [134]. Should there not be
enough mass flow rate through the TBV to support this chamber pressure, the chamber
pressure will be decreased, and the nozzle throat will be expanded to support a required
mass flow rate for a given thrust or reactor power level. The exit diameter will be kept the
same to support the same vehicle geometry and payload bay fitting as in the reference
documents [26,36,37].
Water is incompatible with the reference ZrC coating at temperatures higher than
1100 K [135], therefore, SiC will be used instead as it offers a 300 K higher sustainable
temperature than ZrC of 1400 K [83,136–138]. SiC could also be theoretically pushed to
2400 K [136], but that would result in an engine life of 5 hours when the A-NTP reactor
conditions are considered due to high recession rates [83,84,86,137]. A detailed SiC
performance discussion when water is considered is included in Appendix G. There are no
known direct interactions between ammonia and the reference ZrC or tungsten coatings
without catalysts and oxygen [29,30,139]. As mentioned in Chapter 2, ammonia has slow
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kinetics even at 2500 K, therefore, the dissociation of ammonia is not considered [88].
Furthermore, the temperature limits for ammonia NTP engines will be imposed by the
maximum fuel temperature of 2850 K set by BWXT [26]. Furthermore, to extend the life
of the engine and fully utilize the usable

235

U energy resource, the temperatures will be

brought down in accordance with Figure 4.3 for the fuel and 1400 K for the SiC cladding
[83,136–138]. Moreover, to understand the impact on vehicle performance when higher Isp
is the goal, the reference 2850 K fuel temperature and the maximum 2400 K for the SiC
cladding temperature [136] will also be analyzed.
Another material consideration that must be made is the resulting moderator ratio
from changing the propellant. One of the functionalities of hydrogen in a NTP engine is to
moderate the neutrons, that is, to slow the newborn fast neutrons down to thermal speeds
for absorption by the

235

U isotope for fission [59]. There is also a moderator block put in

place inside the reactor core to do this. For the reference BWXT reactor designs, the fuel
elements are positioned inside a Zirconium Hydride (ZrH) moderator block that spans the
entire internal diameter of the reactor. [54] Since the hydrogen can also function as a
moderator, it is important to understand how changing the propellant will impact the
scattering to absorption cross-section ratio or moderator ratio. The moderator ratio is
calculated by taking the moderator macroscopic absorption and scattering cross-sections
and adding the respective cross-sections of the propellants of interests at the average
densities found inside the reactor. The results are shown in Figure 5.1 where it is seen that
water does not impact the moderation significantly (less than 0.1%), and in fact, increases
it. Ammonia, on the other hand, decreases it slightly by about 0.7% in the 330 MW reactor
design and by 0.64% in the 530 MW reactor design. The magnitude of these changes is
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similar to that of argon in seeded hydrogen where the impacts on moderation were also less
than 1% and considered to be within the control drum tolerance band [140].

94

Figure 5.1: Changes in Moderator Ratio
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5.1 Expander Cycle A-NTP Engines
As with any propulsion system, the engine cycle must accommodate the properties
of the fluid used [58]. Due to the significantly larger liquid temperature range of both water
and ammonia than hydrogen, the first major change in the A-NTP expander cycle engine
is the elimination of the boost turbomachinery. With this elimination, the onset of
cavitation in the main pumps occurs when they are pushed to produce an individual
pressure head beyond 120 atm for water and beyond 80 atm for ammonia given an inlet
pressure of 1 atm and inlet temperatures of 300 K and 200 K for water and ammonia,
respectively. These storage temperatures prevent the fluid from reaching its respective
vapor pressure upon entering the pump. Should the required pressure head exceed the
values beyond which cavitation occurs, the number of pump stages is increased should
higher pressures be necessary, as was done in previous work [56,57].
The next major and fundamental change is eliminating the flow from splitting
between the regenerative cooling/control drum cooling and moderator block cooling prior
to powering the turbines. This was done because these components do not have enough
thermal power to increase the enthalpy of either water or ammonia for them to change
phase from a liquid to a supercritical fluid or vapor. In the case of changing the phase from
a liquid to a vapor, boiling will occur within the components which is unreliable because
the correlations tend to yield 50% to 100% error in laboratory conditions thus resulting in
unreliable predictions for key components like the turbines [60,61,141]. Therefore, the
phase change must be liquid to a supercritical fluid for the expander cycle A-NTP engines.
This leads to the flow schedule being serial through these components and a portion of the
fuel elements is also serially tied to the flow to add additional enthalpy for a supercritical
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fluid state to be discharged into the turbines. The resulting flow schedule prior to entering
the turbines is regenerative cooling, control drum cooling, moderator block cooling, and
preheating fuel element cooling.
Since pressure losses are also being calculated, the effects on the required inlet
pressure will be captured. Depending on the amount of heat required to drive the turbines
during steady state operation, the fuel element ring(s) are chosen to provide that value
depending on the amount of thermal heat each ring provides. Entire fuel element rings are
used for both practicality and simplification of analysis. Furthermore, even though the
radial power peaking is even, the average radial power peaking is used in conjunction to
the axial power peaking profile to capture the slight effects of this variation. The
temperature at which the flow enters the turbines is between 650 K to 950 K depending on
the fluid and power levels. Although these temperatures are much higher than those
considered for H-NTP engines, the Nimonic 90 turbine material has an operating
temperature up to 1200 K [142] which is sufficient for these operating temperatures.
The resulting expander cycle A-NTP engine schematic is shown in Figure 5.2. The
propellant flows from the propellant tank to the main pumps through the final inlet valve
(FINV) at State 1 and is pressurized at State 2. As mentioned before, the number of pump
stages will change depending on the pressure requirements. Figure 5.2 shows an engine
schematic with 3 pump stages, but this number is not characteristic of A-NTP engines and
can change. After the pumps, the flow goes through the main fuel valve (MFV) and into
the regenerative cooling channels at State 3 without splitting to cool the moderator
elements. After cooling the nozzle, the flow proceeds to cool the control drums at State 4.
Since all the flow goes through these channels, it is not expected that the temperature will
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rise significantly due to the high mass flow rate. At State 4, the flow turns around in a 180degree bend and enters the moderator block. Here, the propellant flows in the opposite
direction of the reference and the power peaking curve has to be reversed to accommodate
this change. The flow is discharged from the moderator element at State 5 and goes through
another 180-degree bend and enters the fuel elements allocated for preheating. Again, the
propellant flows opposite to that of the reference and the power peaking curve must also
be reversed in these elements. The flow is discharged at State 6 from the preheating fuel
elements is in a supercritical state.
Just like in the reference models, the flow separates to power the turbines at State
7 and provides a mass flow rate margin for the turbine bypass valve (TBV) at State 9. The
flow is discharged from the turbines at State 8 and from the TBV at State 10. The flows
from States 8 and 10 mix and result in State 11 which enters the final shut-off valve (FSV).
State 12 corresponds to the flow conditions that enter the fuel elements allocated for the
main heating of the fluid which discharge the propellant to the nozzle chamber at State 13.
The propellant is then accelerated by the De Laval nozzle with the nozzle exit conditions
corresponding to State 14. The expander A-NTP engine cycle was validated by a panel of
subject matter experts [143].
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Figure 5.2: A-NTP Expander Cycle Engine Schematic
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5.2 Bleed Cycle A-NTP Engines
Engine cycle guidance is taken for the bleed cycle A-NTP engine design from the
AR PBM models [52,53] and NERVA XE Prime [111]. The parallel flow is considered
because there is no need for a supercritical or gaseous fluid state to occur prior to entering
the reactor (i.e., running turbines) and pressure losses will be reduced. Furthermore, no fuel
elements are considered for preheating. However, phase change will occur inside the
reactor. Since this phase change occurs within thin tubular flow with the tube walls coated
with liquid, hot spots are not expected to occur as they would otherwise in external flow
(i.e., fuel rods [62]) [61,141]. Since the majority of the reactor power goes into the flow
from the fuel element components, the enthalpy inputted into the fluid is much higher than
the heat of vaporization, and the inlet reactor pressure is lower than the critical pressure of
the fluid, it is expected for phase change in this component to be complete by the time the
flow enters the nozzle chamber [60,61,141].
Unlike the NERVA XE-Prime engine where both a hot and cold bleed were used
to regulate the temperature of the hydrogen going into the turbine, only a hot bleed is
possible in the case of water and ammonia A-NTP engines. This is because the flow is
liquid upstream of the reactor and mixing a liquid with a vapor will not result in complete
mixing due to surface tension present at pressures below the critical pressure. Furthermore,
an incorporation of a heat exchanger could help regulate the temperature going into the
turbine, however, this will add significant mass based on the temperatures and flow rates
present as the state-of-the-art heat exchangers for space applications have a mass efficiency
of 1 kilowatt of heat exchanged per 1 kilogram of heat exchanger mass [144].
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For reference to cool 1 kg/s of flow of steam (which is typically the mass flow rate
that is expected in these engines according to the results shown in Appendix H) from 1400
K to 1200 K (which is the thermal limitation of the Nimonic 90 alloy) using the standard
equation 𝑄̇ = 𝑚̇𝑐𝑝 ∆𝑇 and dividing it by the mass efficiency of 1000

𝑊
𝑘𝑔𝐻𝑋

will result in a

total heat exchanger mass of 518 kg which is between 10% and 15% of the engine mass
without the heat exchanger. To cool ammonia from higher temperatures of around 2500 K
to the Nimonic 90 alloy temperature limit would require a heat exchanger mass of 3000 kg
which is between 60% to 90% of the engine mass without the heat exchanger. Therefore,
due to this high heat exchanger mass, cooling the hot bleed flow in the A-NTP bleed cycle
engines is deemed to be infeasible.
As in all hot bleed cycles, a portion of the mass flow from the chamber is routed to
power the turbines. The steady state pressure ratio of the turbines is based on AR’s bleed
cycle analysis of [REDACTED] [145]. Unlike the NERVA XE Prime engine, cold flow
cannot be used to cool down some of the hot flow since the cold flow is in a liquid state
until passing through the reactor. Therefore, in all bleed cycle cases, turbine degradation
should be considered due to the extremely high temperatures that exceed the specifications
of currently available materials [142,146–148]. Although the carbon-carbon turbine
material will withstand temperatures up 2750 K, a turbine manufactured from this material
can operate at those conditions for only a few minutes [149]. Furthermore, the temperature
limit of the considered Allied Signal’s cooled metallic roller bearings for the carbon-carbon
turbine is not known. [149] Therefore, significant advances in materials for turbines are
needed for a bleed cycle NTP engine to be feasible.
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Figure 5.3 shows the bleed cycle A-NTP engine schematic where the flow starts
from the propellant tank and enters the pumps at State 1. The flow is discharged from the
pumps at State 2, goes through the PBV, and is discharged at State 3. Just like in the recent
AR PBM models, the flow is split between cooling the Moderator Block at State 4 and
provides Regenerative Cooling for the nozzle at State 7. For the Moderator Block flow, the
fluid enters the MECV and is discharged at State 5 where it flows through the Moderator
Block thus cooling it and exiting at State 6. For the Regenerative Cooling flow, the fluid
enters the REGCV and is discharged at State 8. The fluid then provides Regenerative
Cooling for the nozzle and enters the Control Drums at State 9. The Control Drums are
cooled, and the flow exits at State 10. Just as in the recent AR PBM models, the MECV
and REGCV are controlled in unison to adjust the pressure at States 6 and 10, respectively,
to obtain the same pressure at State 11 and prevent back flow as the two flows mix before
proceeding to the FECV. Here, the pressure is reduced by a minimum of 10% compliant
with the general guidelines [134], and enters the fuel elements at State 12. The fluid exists
the reactor at State 13, which is the chamber, and most of it flows through the nozzle, thus
generating thrust with the nozzle exit conditions corresponding to State 14. A small portion
of the fluid at State 13 is routed to the turbines at State 15 through the Turbine Valve (TV).
The fluid is discharged at State 16 and, to keep the results conservative, it is assumed that
the discharged flow does not contribute to the thrust of the engine. The bleed A-NTP engine
cycle was also validated by a panel of subject matter experts [143] and the full presentation
that was presented is included in Appendix J.
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Figure 5.3: A-NTP Bleed Cycle Engine Schematic
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5.3 A-NTP Engine Model Results and Discussion
To characterize the performance changes of using different propellants, several
parameters are adjusted and the impact on the engine performance is recorded. These
parameters include: switching between 330 MW and 530 MW reactors; adjusting the thrust
levels between the reference 15 klbf, 25 klbf, and operating the reactor at Q; and adjusting
the temperature according to the material and propellant compatibility. This resulted in a
total of 38 engines being analyzed. To quickly refer to these engines without providing a
full description, a naming scheme is adopted which is “propellant chemical
formula/cycle/reactor class/maximum temperature criteria/thrust criteria”. For example, a
water NTP engine that uses an expander cycle with a 330 MW class reactor which operates
at maximum surface temperature of 2400 K and produces 25 klbf of thrust would be named
H2OExp330-2400-25. The complete set of parameters for each engine including
turbomachinery performance maps, steady-state State Points and KPPs, general design
parameters, heating channel temperature and pressure distribution graphs, and operating
regimes at various reactor power levels have been recorded in Appendix H. The
MATLAB/Simulink functions used to model the components of these engines are included
in Appendix I. The specifications of the Simulink models for each engine are available
upon request from the University of Alabama in Huntsville Propulsion Research Center
(UAH PRC) at https://www.uah.edu/prc/contact-us as these yield documents of 300 to
400 pages for each engine. These documents are located on the Complex Systems
Integration

Laboratory

(CSIL)

drive

in

this

directory:

Y:\Restricted\Nuclear Propulsion\A-NTP Simulink Model Reports\ where the file names
correspond to the engine nomenclature mentioned above.
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Figure 5.4 and Figure 5.5 show the engine KPPs for expander and bleed cycle
engine architectures, respectively, with the different parameters considered. The results
from these engines are arranged in terms of increasing mass, increasing life, and increasing
Isp. The KPPs that are of interest include: the temperature criterion T (surface temperature
for water and maximum fuel temperature for ammonia given the respective material
limitations); required reactor power 𝑄̇ /thrust produced F; specific impulse Isp; the time of
either T or E, whichever is shortest; and the engine dry mass m. The engine categories and
subcategories have also been arranged in a tree format with the most general parameters to
the left and the most specific parameters to the right ending with the temperature criterion
for each considered propellant.
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Figure 5.4: A-NTP Expander Cycle Engine Results
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There are two main differences between expander and bleed cycles. The first
difference is that the bleed cycles with the described engine architecture are infeasible
given current material limitations [142,146–148,150]. Significant material development in
high-temperature turbine blade technology will need to be made to utilize the bleed cycle
engines. The second difference is that all bleed cycle engines that correlate to each category
and subcategories of the expander cycle engines (i.e., 330 MW, 15 klbf, Water, Surface
Temperature of 1400 K), have, on average, about 3.65% lower mass than their expander
cycle counterparts. This is due to considerably higher pressures that are required in the
expander cycles to utilize the respective propellants in a supercritical phase prior to the
turbines to eliminate phase change inside the preheating fuel elements. Since some of the
propellant flow rate is expelled out of the turbines without producing thrust in the bleed
cycle, the specific impulse goes down by an average of 2.77%. However, this does not
yield a significant difference in the thrust produced at Q nor the power required to produce
a given thrust level. The differences between the bleed and expander cycle engine models
are less than 5%, and by engineering statistics, are not considered to be significant [151].
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Figure 5.5: A-NTP Bleed Cycle Engine Results
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The next category that needs to be analyzed is the reactor class. The most notable
difference between the 330 MW and 530 MW classes is that the 530 MW class reactor
results in a 46.46% higher mass engine than the 330 MW class reactor. However, the
530 MW class reactor can allow the engine to produce a much higher thrust when
functioning at Q. This results in a higher thrust to weight ratio for the 530 MW class
reactors operating at Q. Another advantage of using the 530 MW reactor is that it has a
higher E limit than the 330 MW reactor due to the higher 235U loading for the common 25
klbf thrust cases across both reactor classes. Despite the thrust advantages of the 530 MW
reactor, of all considered cases, the reference 15 klbf thrust case for the 330 MW reactor
results in the highest E limit when the T limit was not reached.
The thrust category comes next where the hydrogen 15 klbf and 25 klbf reference
thrust levels are selected along with the thrust level that is produced when the reactor
operates at Q. It is intuitive to see that as the thrust level increases, the reactor power
increases, and the engine life decreases when E is the limit. When operating either reactor
at Q, the thrust is roughly double that of H-NTP for water A-NTP and about 70% higher
than H-NTP for ammonia A-NTP.
The temperature criterion is the next category of interest. Here, the temperatures
play a vital role in the expected life of the engine but also significantly affect the Isp,
especially in water due to the 1000 K difference. The engine life differences between the
two temperatures get smaller as the thrust and reactor power are increased. In ammonia,
the 530 MW reactor operating at Q yields the same engine life for both T and E limits
which results in a single case being analyzed. The same cannot be said about water since
the cladding recession rate of SiC was only limited to 1400 K and 2400 K cases in the

109

literature [83,84,86,138]. Future work should analyze SiC temperatures between the
2400 K and 1400 K limits to bring E and T closer together for the water engines. In the
ammonia engines, as the thrust and reactor power increase and the E limit decreases, the
fuel temperature increases to roughly match the T limit.
Based on all these results, the most notable difference between water and ammonia
for a given thrust level is that ammonia produces a significantly higher specific impulse
and results in longer engine life than water in all analogous cases. This is due to T not
being dependent on the cladding recession rate from oxidization but from fuel endurance
which shows to be much longer than the cladding recession rate at the considered
temperatures in the ammonia case. However, ammonia requires more reactor power to
produce the same thrust level and produces a lower thrust at Q than water due to ammonia’s
higher specific heat capacity than water at the considered temperatures and pressures inside
the reactor core. Ammonia also results in a lower average engine mass that is 4.36% lower
than the water engines but it is still not considered to be significant by engineering statistics
guidelines [151]. Based on these results, it is expected for the vehicle that utilizes either
ammonia or water A-NTP engines to have a higher propellant mass requirement when
utilizing water rather than ammonia based on the higher overall engine mass and lower
specific impulse.
5.4 Comparing A-NTP Against H-NTP
A comparison is made between A-NTP and H-NTP engines and shown in Table
5.1 through Table 5.4. Table 5.1 compares the 15 klbf A-NTP and H-NTP engines, Table
5.2 compares the 25 klbf A-NTP and H-NTP engines, Table 5.3 compares 330 MW class
A-NTP and H-NTP engines, and Table 5.4 compares 530 MW class A-NTP and H-NTP
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engines. For reference, the 330 MW class H-NTP has a Isp of 900 seconds and a calculated
life of 19.36 hours based on the

235

U loading while the 530 MW H-NTP has a calculated

life of 16.89 hours with the same Isp. The differences are indicated by the legend below the
comparison rows in Table 5.1 through Table 5.4 with 5% being the cut-off between being
significant and insignificant according to guidelines [151]. An obvious result is that all
A-NTP engines perform at least 50% lower than H-NTP engines in terms of Isp given the
differences in the molecular weights of the considered propellants. In all cases where
A-NTP engines do not operate at Q, the required power level is significantly lower than
H-NTP for the same thrust levels shown in Table 5.1 and Table 5.2. Furthermore, in cases
where A-NTP engines operate at Q, they produce significantly more thrust than H-NTP
for the same reactor classes as shown in Table 5.3 and Table 5.4.
The engine masses do not vary significantly between A-NTP and H-NTP when
these engines both produce 15 klbf of thrust as shown in Table 5.1. A-NTP can decrease
the engine mass significantly from the H-NTP baseline when comparing the 330 MW class
cases as the engines produce a thrust level of 25 klbf as shown in Table 5.2. However,
when the A-NTP engines perform at Q, even though they increase the thrust level
significantly, the expander cycles also increase the engine mass significantly from the
H-NTP reference when the 330 MW classes are considered as shown in Table 5.3. The
mass driver is primarily the maximum system pressure stemming from the requirement to
use a supercritical working fluid in the turbines as was mentioned in Section 5.1 which
causes the mass of the turbopump system and ducts to grow. The bleed cycle masses, on
the other hand, do not affect the mass significantly for the 330 MW classes. Similarly, for
the 530 MW classes, only the water expander cycle A-NTP engines increase the mass
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significantly from the H-NTP baseline while the other cases do not affect the mass
significantly as shown in Table 5.4.
A-NTP engine lives are primarily affected by the temperature criteria. The water
A-NTP engines when performing at a maximum cladding surface temperature of 2400 K,
regardless of the cycle, have an operational life that is significantly lower than H-NTP
engines. However, the water A-NTP engines that perform at a maximum cladding surface
temperature of 1400 K have an operational life that is significantly higher than the H-NTP
engines. Ammonia A-NTP engines do not significantly affect the engine life when
operating at a maximum fuel temperature of 2850 K and significantly increase it when
operating below this temperature for the same thrust cases as H-NTP. However, when
operating at Q and 2850 K, the ammonia A-NTP engines do not significantly affect the
engine life since T is the same for both A-NTP and H-NTP engines.

Table 5.1: Hydrogen NTP Comparison at 15 klbf % Differences
Engine
H2OExp330-2400-15
H2OExp330-1400-15
NH3Exp330-2850-15
NH3Exp330-2450-15
H2OBld330-2400-15
H2OBld330-1400-15
NH3Bld330-2850-15
NH3Bld330-2450-15

Power
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Isp
-64.64
-74.66
-58.81
-61.82
-65.21
-75.54
-59.76
-62.71

Mass
Life
[REDACTED] -71.22
[REDACTED] 64.43
[REDACTED]
0.00
[REDACTED] 118.80
[REDACTED] -71.22
[REDACTED] 64.43
[REDACTED]
0.00
[REDACTED] 117.74

Legend
5% worse than reference
Within 5% of reference
5% better than reference
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Table 5.2: Hydrogen NTP Comparison at 25 klbf % Differences
Engine
H2OExp330-2400-25
H2OExp330-1400-25
H2OExp530-2400-25
H2OExp530-1400-25
NH3Exp330-2850-25
NH3Exp330-2750-25
NH3Exp530-2850-25
NH3Exp530-2550-25
H2OBld330-2400-25
H2OBld330-1400-25
H2OBld530-2400-25
H2OBld530-1400-25
NH3Bld330-2850-25
NH3Bld330-2450-25
NH3Bld530-2850-25
NH3Bld530-2550-25

Power
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Isp
-65.03
-74.94
-64.78
-74.76
-59.95
-60.64
-58.77
-61.02
-65.64
-75.82
-65.36
-75.61
-60.83
-61.50
-59.57
-61.41

Mass
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Life
-70.40
69.13
-70.40
69.13
2.85
26.00
2.85
84.34
-70.40
69.13
-70.40
69.13
2.86
25.27
2.87
80.52

Legend
5% worse than reference
Within 5% of reference
5% better than reference

Table 5.3: Hydrogen NTP Comparison at 330 MW % Differences
Engine
H2OExp330-2400-Q
H2OExp330-1400-Q
NH3Exp330-2850-Q
NH3Exp330-2750-Q
H2OBld330-2400-Q
H2OBld330-1400-Q
NH3Bld330-2850-Q
NH3Bld330-2750-Q

Thrust
100.00
120.67
79.33
81.33
96.67
100.67
77.33
62.00

Isp
-65.17
-75.12
-60.14
-60.85
-65.81
-78.07
-60.97
-61.69

Mass
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Legend
5% worse than reference
Within 5% of reference
5% better than reference
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Life
-71.22
12.58
0.00
22.50
-71.22
12.00
0.00
21.79

Table 5.4: Hydrogen NTP Comparison at 530 MW % Differences
Engine
H2OExp530-2400-Q
H2OExp530-1400-Q
NH3Exp530-2850-Q
H2OBld530-2400-Q
H2OBld530-1400-Q
NH3Bld530-2850-Q

Thrust
92.00
113.60
70.00
89.20
109.60
68.00

Isp
-65.35
-75.21
-60.21
-65.98
-76.15
-60.99

Mass
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Life
-70.40
1.29
1.74
-70.40
1.53
1.31

Legend
5% worse than reference
Within 5% of reference
5% better than reference

5.5 A-NTP Engine Conclusions
One of the findings of this research was that the requirements of the bleed cycle
would yield infeasible engine architectures given current material limitations for turbine
blades. Significant material development for high temperature turbines is necessary to use
these engine architectures. The bleed cycle engines do not significantly differ from
expander cycle architectures in terms of performance since the specific impulse is only
2.77% lower and the mass is 3.65% lower whereas “significant difference” in engineering
applications is defined to be above 5% to 10% [151]. Depending on the maximum system
pressure and mass flow rate, the mass difference between A-NTP and H-NTP can be
between -3% to 10%. However, when the engine mass is increased, the thrust is increased;
and despite this mass growth, the thrust to weight ratio in these A-NTP cases is higher than
H-NTP.
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When other criteria were compared, it was found that when operating any reactor
at Q, the thrust is roughly double that of H-NTP for water and about 70% higher than HNTP for ammonia. Despite the mass that the 530 MW reactor adds to the engine, the thrust
produced at Q yields to a larger thrust to weight ratio than the 330 MW reactor operating
at Q. The largest contributing parameter was the temperature criterion which affected both
the engine life and specific impulse in terms of T. In water, the recession rate of the SiC
cladding was the engine life limitation while it was the fuel endurance for ammonia.
Ammonia yielded higher Isp than water due to higher considered temperatures and lower
molecular weight. T and E get closer together with increased thrust and/or reactor power
level. When all these conclusions are taken into consideration, the ammonia expander cycle
engines perform much better than water expander cycle engines in terms of Isp and engine
life, but water expander cycle engines perform better in terms of thrust. For more
information on the engine performance of all 38 A-NTP engines considered, modeled, and
evaluated, please refer to Appendix H.
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These A-NTP engine results thus provide the answer to Research Question #2:
Research Question #2:
What are the engine architectures and operational parameters for water and
ammonia that will maximize the use of the 235U energy resource?
ANS:
Bleed cycles are infeasible as chamber temperatures (1400 K to 2550 K)
exceed current turbine material limitations of 1200 K [142,146,147,150].
Expander cycles have acceptable turbine inlet temperatures (600 K to 950
K) since materials such as Nimonic Alloy 90 have creep resistance up to
1200 K [142].
Bleed and Expander cycle A-NTP engines do not have significant
performance differences (below 5% differences [151]).
Operating A-NTP engines at Q can increase the thrust from the reference
H-NTP engines by 100% for water and 70% for ammonia from the H-NTP
baseline. T and E also get closer together as 𝑄̇ increases.
A-NTP expander cycles require higher pressures and result in up to 10%
mass growth from H-NTP references.
Ammonia expander cycle A-NTP engines perform the best of all considered
A-NTP engines in terms of Isp and engine life, but water A-NTP engines
perform better in terms of thrust.
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Future work should look at recession rates between the 1400 K and 2400 K
temperatures that were found in literature to attempt to bring E and T closer together in
the water engines. Since the bleed cycle A-NTP engines are infeasible with current
materials, they will not be considered for further analysis in the current research. The next
chapter will examine the effects on vehicles that use either water or ammonia A-NTP
systems and how their performance compares against vehicles using non-A-NTP engines
including the reference vehicles.
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CHAPTER 6

VEHICLE PERFORMANCE

This chapter is split into two parts: (1) engine transient analysis which continues
within the same scope as Chapters 4 and 5 and consists of Sections 6.1 and 6.2 and (2)
mission vehicle performance analysis which focuses on the LADV, Mars Conjunction, and
Mars Opposition missions as distinct analyses which is discussed in Sections 6.3 and 6.4.
It is necessary to analyze the engine transients from the scope of the mission vehicles as
shown in Figure 6.1 since the burn time significantly affects the engine transient
performance in terms of the decay heat buildup as will be discussed in detail in Section 6.1.
Furthermore, the dependency of the MTVs on the LADV will not be analyzed in this
chapter as the LADV missions in the context of the Mars missions serve as an extension
of the infrastructure which will be analyzed in Chapter 7. Therefore, as shown in Figure
6.1, these mission vehicles will be analyzed separately.
Since the scope of this chapter is only on the mission vehicles, the presumption is
that the propellant is available, and no infrastructure considerations are made when forming
conclusions in determining the best engine for each mission vehicle. The launch vehicle
considerations are still made according to the SLS Block 2 which hosts a maximum
payload mass of 46.8 mton into LDHEO and the largest payload bay according to
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Appendix A [46]. This provides an upper bound to the volume and dry mass of the stages.
Furthermore, the SLS can only contain up to 3 NTP engines, therefore, if more engines are
required, these vehicles will automatically be disqualified as there is no launch vehicle that
can support them. Should future launch vehicles have higher capabilities than the SLS
Block 2, future research should reanalyze the results presented in this research. It should
also be noted that these conclusions will not hold when moving forward with the
infrastructure analysis in Chapter 7, therefore which ever architectures are able to perform
the mission within the confines of the SLS Block 2 will still be considered there along with
the respective vehicle performance KPPs.

119

Figure 6.1: Vehicle Scope with Respect to Architecture
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6.1 NTP Engine Transients
The vehicle performance analysis discussion should start from the NTP engine
transients as they are dependent on the burn time given that decay heat will build up and
increase the total heat transferred into the propellant with time. NTP engines have long
transient events that are around 30 seconds long for both start up and shut down. Although
no detailed and reliable transient analysis on NTP engine performance is available for
validation as the current body of knowledge does not have this information [111,152], AR’s
vehicle performance results could satisfy validating both the vehicle analysis and transient
engine models. AR employed several assumptions to estimate vehicle performance for
their models [43] in the case of both the Mars Conjunction and Opposition missions. These
assumptions include a linear thrust profile of a 35 second length for startup and 30 seconds
for shutdown, startup Isp of 528 seconds, and shutdown Isp of 578 seconds [43]. Simulink
engine models from Chapters 4 and 5 do not require the gross assumptions imposed by AR
and can model engine transients as functions of the reactor power as documented in
Appendix H. The vehicle performance code also incorporates the decay heating according
to Eq. (6.1) with the neutronics constants taken from AR’s preliminary work on reactor
analysis and shown in Table 6.1 [153]. This code has been included in Appendix L along
with its dependent functions. The tabulated raw A-NTP parameters are not included as they
are impractically large to fit onto a paper document and are available upon request from
UAH PRC at https://www.uah.edu/prc/contact-us. These documents are located on the
CSIL

drive

in

this

directory:

Y:\Restricted\Nuclear Propulsion\A-NTP Simulink Model Reports\ where the file names
correspond to the engine nomenclature.
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𝑃𝑠𝑑 (𝑡) = 𝑃𝑓𝑝 {

𝜌
𝜌−𝛽
𝛽
−𝜌𝜆
exp (
𝑡) −
exp (
𝑡)
𝜌−𝛽
Λ
𝜌−𝛽
𝜌−𝛽
(6.1)
+ 0.1104 [𝑡 −0.2436 − (𝑡𝑓𝑝 + 𝑡)

−0.2436

]}

Table 6.1: Neutronics Constants [153]
Constant
Fission Yield
Decay Constant
Prompt Neutron Lifetime
Reactivity

Symbol
𝛽
𝜆
Λ
𝜌

Given Values
0.00650 -0.0764 s−1
6 × 10−5 s
−0.0138 $

According to the AR ground rules and assumptions, the decay heat build-up for all
burn events was lumped to be part of an average start-up and shut down Isp for all burns
[43]. The implication of this is that to achieve the required burn times and not exceed Q of
the reactor, the startup and shutdown times must be shorter to allow the engine to produce
the same impulse within the allotted time if decay heat were to be implemented
dynamically. It is important to note that both AR and the Simulink engine models of
Chapters 4 and 5 assume that no thrust is generated during reactor cooldown, however, the
mass used for this cooldown is still subtracted from the total propellant mass after each
burn thus providing conservative estimates. Therefore, transient engine and vehicle
performance are integrated together in the vehicle performance model. [43,129]
The engine State Point values and KPPs from the H2-530 Simulink engine model
are extracted at pressure and temperature steps according to a selected transient profile.
There are two considered transient profiles:
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maxT - ramps the fuel temperature up to the maximum fuel temperature (2850 K [26])
and then ramps the pressure until Q is reached.



evenTP - ramps both temperature and pressure together until Q is reached.
These transient profiles are consistent with the guidance obtained from BWXT for

transient engine simulation [63] which stated that any transient profile is valid provided
that the ramp rates for temperature and pressure are followed. These ramp rates are 83 K/s
for fuel temperature and 3.4 atm/s for chamber pressure according to NERVA [112].
Therefore, even though the single H2-530 engine is considered, it is considered to operate
at two different transient regimes yielding H2-530maxT and H2-530evenTP engine
evaluation. After this extraction, a tabulated set of values are obtained as functions of the
chamber pressure. These tabulated values are then fitted by a modified-Akima piecewise
cubic Kermite (makima) interpolation [154,155] spline to be functions of the reactor power
to be used within the vehicle performance code.
A-NTP engines from Chapter 5 that utilize the expander cycle optimized the turbine
pressure ratio to have supercritical conditions upstream of the turbines which resulted in
turbines with a higher pressure ratio than the reference H-NTP engines and resulted in
running around an average of 50% of the flow through the turbine bypass valve. Although
there are high losses associated with this high pressure ratio, this also allows for greater
throttleability. This enhanced throttleability is depicted in the example transient
performance plots of the H2OExp330-2400-15 engine in Figure 6.2 with the rest of these
plots shown in Appendix H. Here, the thrust, Isp, mass flow rate, power levels per
component, maximum fuel temperatures, and maximum surface temperatures KPPs are
shown as functions of the reactor power level. The throttleability range is within the near

123

constant Isp band where the temperatures change very little and thus promote robust turbine
operation by eliminating phase change upstream of the turbines. At the drop off of the Isp,
the chamber pressure is kept the same while the temperatures are ramped thus allowing for
both the pump discharge pressure to ramp along with the fuel temperature.
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Figure 6.2: H2OExp330-2400-15 Transient Performance KPPs
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6.2 Validation of NTP Engine Transients
The Mars Conjunction mission is used to validate both the engine transients and
vehicle performance code [8]. By assuming the same pressure and temperature ramp times
as NERVA [111], the startup and shutdown times are shorter than AR’s at values of
25 seconds and 27 seconds, respectively. Despite shortening these times, even though the
transient engine model produced ΔV results within 1% of AR as shown in Table 6.2, the
resulting burn times were noticeably longer than the values from AR as shown in Table
6.3. This was due to the incorporation of the decay heat and adhering to Q. This is not
deleterious to the present analysis as an increase in the burn time will result in conservative
estimations of the vehicle performance according to the engine life. Therefore, this increase
in burn time is acceptable. The errors in Table 6.3 could be made smaller by adhering to Q
in terms of the average steady state 𝑄̇ or even setting Q as 𝑄̇𝑑𝑒𝑠 , however, that would
violate Q when the decay build-up increases and could lead to aggressive estimations. It is
possible that the AR analysis would violate Q if the decay heat calculations were
implemented into the analysis.

Table 6.2: ΔV Transient Validation

Burn
TMI
MOI
TEI
EOI
Total

AR ΔV (m/s)
[8]
622.000
1668.000
1352.000
581.000
4223.000

Simulink ΔV
(m/s)
622.379
1669.639
1354.00669
577.385
4223.409
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Error
(%)
0.0609
0.0982
0.148
0.622
0.00969

Table 6.3: Burn Time Transient Validation

Burn
TMI
MOI
TEI
EOI
Total

AR Length of Simulink Length
Burn (s) [8]
of Burn (s)
354.000
393.000
823.000
888.000
479.000
531.000
181.000
206.000
1837.000
2018.000

Error
(%)
11.0169
7.898
10.856
13.812
9.853

An important aspect to show is the sensitivity of the fuel temperature and pressure
profiles during transient events. According to BWXT, if the transient profiles do not violate
the pressure and temperature ramp limits, then the transient profiles for these parameters
can be varied at the designer’s discretion to ensure robust engine operation during these
transient events [63].
The two profiles (maxT and evenTP) are compared in terms of the required
propellant mass, total burn time, and average Isp to achieve the same ΔVs as were shown
in Table 6.2 with the results shown in Table 6.4. The differences are less than 5%
suggesting that NTP engine transients do not impact the vehicle performance significantly
[151]. The total burn time maxT is longer as the approach of maximizing Isp tends to yield
lower impulse during the transient events but more efficient in terms of the propellant mass.
This is reflected in the slightly lower propellant mass for the profile which maximizes Isp.
Thus, in terms of the mission analysis, the results are insensitive to the transient profile
used by the engine subjected to NERVA’s limitations. Therefore, in the case of alternative
propellants, should one profile be favored over the other in the case of the engine transient
performance design, minimal impact will be present in the results of the mission analysis
while the transient engine operation could be made more robust.
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Table 6.4: Transient Profile Comparison
Parameter
Propellant Mass (mton)
Total Burn Time (s)
Average Isp (s)

Maximize T and P
Isp
in Unison
100.286
101.536
2055.000 2018.000
869.760
863.658

Error (%)
1.246
1.800
0.702

6.3 Vehicle Performance Results
The reference missions which include the LADV, Mars Conjunction, and Mars
Opposition are modeled with the IREE to understand how these missions perform
according to the optimum Isp. The parameters from the reference missions which include
the ΔV, dry mass, payload mass, Isp, and a calculated specific energy are inputted into the
IREE (Eq. 2.4) which results in the plots shown in Figure 6.3. The total energy for each
mission was calculated by using the standard kinetic energy equation as detailed in
Appendix B. The specific energy was then calculated by dividing the total energy by the
mass of what was producing the energy (dry mass of NTP engines for Mars Conjunction
and Mars Opposition missions and propellant mass for the LADV). Similar to Figure 2.9
and the discussion of Section 2.4, a black “x” marks the optimum Isp while the “o”
represents the reference design operation point. The range of Isp values that bound the
logarithmic intervals for each respective mission are shown in Table 6.5 as well as the
summary of the optimum Isp and the reference Isp. Only the LADV appears to operate near
the mission’s optimum Isp while the other missions operated consistently above the
optimum Isp. This is the product of approaching the mission design using the approach to
maximize the 𝐼𝑠𝑝 and reduce the mass brought into space from Earth [6,8,26,38]. Moreover,
the reference Mars Conjunction mission operates outside the logarithmic interval of the
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optimum Isp suggesting that significant improvements could be made for the mission to
function with higher energy efficiency and maximize the number of missions possible from
the reference. These missions will now be analyzed with the different propulsion systems
described in Section 2.5 via iterative transient vehicle analysis and compared against each
other. The raw data for all engines and considered KPPs for each mission are shown in
Appendix K.

Figure 6.3: Optimum Isp for Selected Missions
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Table 6.5: Isp Performance Summary
Mission
Mars Conjunction
Mars Opposition
LADV

Lower
Bound (s)
138
515
256

Upper
Optimum Reference
Bound (s)
(s)
(s)
689
270
900
1108
732
900
889
441
465

6.3.1 LADV
A modification to the vehicle analysis code is made to accommodate for the gravity
losses at each time iteration for the ascent and descent burns. The ΔV at each time step is
adjusted by subtracting Lunar gravity of 1.62 m/s2 from the acceleration provided by the
propulsion system. Furthermore, the initial thrust to weight ratio is restricted to be greater
than 1. More engines, starting from a total number of 1, are added incrementally after each
complete mission iteration if the resulting required propellant mass yields an initial thrust
to weight ratio of less than 1. Based on the Mars mission architectures that fully utilize the
SLS payload bay, the number of NTP engines is limited to be 3 and the propellant volume
limited to 350 m3 [8,37,46,156]. Should the tank volume exceed this limit, the number of
stages would also need to increase which would result in the disqualification of the
propulsion system according to the mission reference architecture [38]. This leads to the
disqualification of many engines. Due to the low Isp of the water A-NTP engines and these
requirements, no water A-NTP engine can support the LADV. Similarly, the
NH3Exp330-2850-Q and NH3Exp330-2750-Q are the only ammonia A-NTP engines that
were able to support the LADV mission given their higher thrust to weight ratio and higher
Isp than the water A-NTP engines. Furthermore, no H-NTP engines are selected due to the
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required high propellant volume given the low density of hydrogen. The propellant volume
and vehicle mass distribution results are shown in Figure 6.4 and total burn time and
number of missions are shown in Figure 6.5. Here, the black dashed lines indicate the
reference values the red bars indicate the H2+LOX Chemical reference engine. It is
important to note that the H2+LOX Chemical reference engine is the RL-10 which is the
only flight-tested engine from all of those considered. It is probable that the engine lives
of the rest of these engines will go down after flight testing. Therefore, the actual number
of missions possible for each engine will decrease. However, these are concept engines at
the time of this research and no test data is available.

Figure 6.4: LADV Volume and Masses
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Figure 6.5: LADV Burn Time and Number of Missions

These results are scored according to the methodology described in Section 3.4 and
shown in Table 6.6. Here, the number of stages and number of engines are absent when
compared to the KPP list in Section 3.2 according to the discussion in the beginning of this
section. The CH4+LOX Chemical engine performed the best while the H2+LOX Chemical
is the second best. The H2+LOX Chemical engine struggles in the number of missions that
it can perform, therefore, even if the CH4+LOX Chemical engine can perform slightly
longer than the 1.25 hours of the RL-10 engine, it will still be the best engine for this
architecture. The selection of these two engines falls within the predicted range of optimum
Isp of the IREE according to Table 6.5. The worst performing engines are the ammonia
A-NTP engines given that they have the lowest Isp of the converged engines and have
engine masses which are generally 10 times greater than chemical engines as was shown
in Chapter 5. However, it is important to note that these engines are still able to perform
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the LADV mission with this minimally refined propellant. The LANTR engine
performance is between the chemical and A-NTP engines for this mission. This is due to
both higher engine mass of the chemical engines and higher Isp than ammonia A-NTP
engines.

Table 6.6: LADV Propulsion System Score Card
Architecture

Volume

CH4+LOX Chemical
H2+LOX Chemical
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6
NH3Exp330-2850-Q
NH3Exp330-2750-Q

100.00
80.08
29.51
0.00
9.79
20.42
12.67

Dry
Mass
100.00
99.37
34.48
0.00
1.32
25.70
24.44

Prop.
Mass
69.17
100.00
85.73
76.02
86.16
7.15
0.00

# of
Missions
100.00
0.00
26.61
37.90
31.45
20.16
22.58

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##

6.3.2 Mars Conjunction
Upon running the vehicle model, due to the relatively low mission ΔV and no
minimum thrust to weight ratio requirement, all considered engines are able to support the
Mars Conjunction mission as shown in Figure 6.6 and Figure 6.7. Figure 6.6 shows the
propellant volume on the left and the resulting mass distribution on a logarithmic scale on
the right. The vehicle using the reference H2-530evenTP engine results in the largest
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propellant volume (marked in red). All other considered engines reduce this volume,
however, the vehicle using the CH4+LOX Chemical engine reduces it the most. By
reducing the volume for this vehicle, the required number of stages also decreases leading
to a decrease in dry mass. All vehicles using A-NTP engines result in propellant masses
that follow the Isp of the engines (lower Isp results in higher propellant masses and vice
versa).

Figure 6.6: Mars Conjunction Vehicle Volume and Masses
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Figure 6.7 shows the total burn time on the left and the number of missions enabled
by the propulsion system on the right. Due to the increased thrust of the LANTR engines,
their burn time is the lowest with the LANTR530evenTP6 and LANTR530maxT6
providing the second most number of missions behind CH4+LOX Chemical. The
difference between the LANTR530evenTP6 and LANTR530maxT6 engines is that engine
transients are more impactful in the LANTR530 cases in general since the thrust gain from
the added oxygen exaggerates the impulse differences from the reference hydrogen NTP
engines. The higher transient impulse of the even temperature and pressure ramp times
result in the LANTR530evenTP6 engine performing marginally better in terms of the burn
time than the LANTR530maxT6. The CH4+LOX Chemical was assumed to have the
ambitious life of the Raptor engine of 140,000 seconds based on Elon Musk’s public claims
[104,157],

however,

this

has

not

yet

been

demonstrated.

Although

the

CH4+LOX Chemical engine performed the best in terms of propellant volume, dry mass,
and number of missions for the Mars Conjunction mission, it requires 3.79 times the life
of the SSME to break even with the LANTR530evenTP6. Should CH4+LOX Chemical
engines fail to meet these mission life requirements, then the LANTR530evenTP6 is the
best performing engine for the Mars Conjunction mission. The only A-NTP engine that
provided more missions than the reference is the NH3Exp530-2550-25.
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Figure 6.7: Mars Conjunction Vehicle Burn Time and Number of Missions

Table 6.7 shows the propulsion system score card for the Mars Conjunction
mission. It is apparent that the CH4+LOX Chemical engine is the highest performing
engine of all those considered for this mission and is closely followed by the LANTR,
NH3Exp330-2450-15, and NH3Exp330-2750-25 engines. Both the H2OExpXXX-2400-X
and NH3ExpXXX-XXXX-X engines performed similarly which were followed closely by
the reference H-NTP engines. The H2OExpXXX-1400-X engines performed the worst.
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The low performance of the reference H-NTP and H2OExpXXX-1400-X engines was
predicted by the IREE in Table 6.5 where the Isp of the H-NTP engines was outside the
logarithmic interval and the H2OExpXXX-1400-X engines perform at the edge of the
curve in Figure 6.3 where the payload to dry mass ratio begins to sharply drop. The rest of
the considered engines fall within the logarithmic interval of optimum Isp shown in Table
6.5. It should be noted that the H2OExp330-2400-X engines perform similarly to the
NH3Exp330-2850-X and NH3Exp330-2750-Q engines due to a lowered engine life from
the higher temperatures resulting in fewer missions. However, this is the only poorly
performed KPP by these engines. Therefore, if the total number of missions is not a
parameter that must be maximized, then the H2OExp330-2400-X, NH3Exp330-2850-X,
and NH3Exp330-2750-Q engines are among the best performers along with H2+LOX
Chemical, CH4+LOX Chemical, LANTR330 series, NH3Exp330-2450-15, and
NH3Exp330-2750-25. The worst performing engine of all is the H2Exp530-1400-Q which
performed poorly on all KPPs.
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Table 6.7: Mars Conjunction Propulsion System Score Card
Architecture

Volume

CH4+LOX Chemical
H2+LOX Chemical
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6
H2OExp330-2400-15
H2OExp330-2400-25
H2OExp330-2400-Q
H2OExp330-1400-15
H2OExp330-1400-25
H2OExp330-1400-Q
H2OExp530-2400-25
H2OExp530-2400-Q
H2OExp530-1400-25
H2OExp530-1400-Q
NH3Exp330-2850-15
NH3Exp330-2850-25
NH3Exp330-2850-Q
NH3Exp530-2850-25
NH3Exp530-2850-Q
NH3Exp330-2450-15
NH3Exp330-2750-25
NH3Exp330-2750-Q
NH3Exp530-2550-25

100.00
92.12
7.83
8.90
0.00
1.90
75.19
74.81
71.91
68.93
93.32
92.19
91.69
49.15
45.94
43.63
91.11
89.26
43.68
24.80
90.35
88.61
88.26
88.58
85.72
85.65
87.25
86.92
84.84

Dry
Mass
100.00
99.06
20.27
20.56
6.38
6.89
72.19
72.11
59.51
58.73
75.02
73.33
72.51
41.71
39.09
36.95
62.73
59.61
27.99
0.00
74.25
72.39
72.04
62.13
59.01
72.52
72.52
71.51
60.64

Prop.
Mass
89.54
97.14
99.91
100.00
99.28
99.43
97.39
97.63
97.07
97.19
77.62
76.35
75.79
27.58
23.95
21.34
75.12
73.03
21.39
0.00
85.06
83.70
83.43
83.68
81.44
81.39
82.64
82.38
80.75

# of
# of
Stages Missions
100.00
100.00
100.00
0.00
0.00
25.81
0.00
25.81
0.00
40.32
0.00
40.32
100.00
50.00
100.00
46.77
100.00
72.58
100.00
67.74
100.00
1.61
100.00
4.84
100.00
4.84
50.00
12.90
50.00
19.35
50.00
19.35
100.00
3.23
100.00
8.06
50.00
22.58
0.00
20.97
100.00
17.74
100.00
27.42
100.00
29.03
100.00
25.81
100.00
38.71
100.00
38.71
100.00
33.87
100.00
32.26
100.00
46.77

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##
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6.3.3 Mars Opposition
For the Mars Opposition mission to be compatible with Lunar alternative
propellants, the assembly of the vehicle is moved to LDRO from LEO with the alternative
mission architecture shown in Figure 6.8. The reference mission architecture was shown
in Figure 2.3. The launch vehicles will insert the vehicle stages into LDHEO from which
the RCS will provide a ΔV of 140 m/s to move the components to LDRO. The SLS can
insert the empty stages into LDHEO, however, the New Glenn launch vehicle had to be
changed to the Falcon Heavy to support the dry mass insertion into LDHEO from LEO
according to Table 2.3 which shows the payload to LDHEO mass capabilities of these
launch vehicles. Since the stages are to be empty according to the methodology of Section
3.3, the RCS propellant mass is not adjusted as the reference RCS propellant mass is
sufficient to provide this ΔV according to the IRE. Furthermore, the load on the number of
Earth launch vehicles is decreased as no strap-on stages and fewer drop tank launches are
required.
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Figure 6.8: Mars Opposition Alternative Mission Architecture (Inspired by AR’s Mars Opposition Mission Architecture [16])
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This simplifies the H-NTP vehicle architecture as shown in Figure 6.9 from the
reference which was shown in Figure 2.4. The masses shown are for the H-NTP vehicle
when it has been fully tanked by the Lunar infrastructure. In both Figure 6.8 and Figure
6.9, the first primary burn is the TMI #3. This is because TMI #1 and TMI #2 from the
reference are eliminated due to aggregation in LDRO. This results in a total ΔV of
8511 m/s. Furthermore, leaving the first primary burn titled “TMI #3” emphasizes that no
other changes to the mission and vehicle architecture are made. These alternative mission
and vehicle architectures are used for vehicle performance calculations.
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Figure 6.9: Mars Opposition Alternative Vehicle Architecture (Inspired by AR’s Mars Opposition Vehicle Architecture [37])
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More than half of the A-NTP engines and the H2+LOX Chemical engine are unable
to support the Mars Opposition mission as shown in Figure 6.10 and Figure 6.11 due to the
long burn times which exceed the operational lives of these engines. The engines that
decrease both the vehicle dry mass and propellant volume the most are the CH4+LOX
Chemical, LANTR, H2OExp530-2400-Q, and NH3ExpXXX-2850-X with the LANTR
engines requiring the least propellant mass. H-NTP engines and H2OExpXXX-1400-X
perform on par with each other in terms of the vehicle dry mass.

Figure 6.10: Mars Opposition Vehicle Volume and Masses
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Similar to the Mars Conjunction mission, the LANTR engines decrease the total
burn time per mission the most due to their high thrust. Both LANTR530evenTP6 and
LANTR530maxT6 increase the number of missions by 1 from the reference. The Isp of
these engines are 528 and 566 seconds, respectively, and are within the logarithmic interval
of the optimum Isp as shown in Figure 6.3 and Table 6.5. The alternative propellant engine
that provides the largest number of reuses is the NH3Exp530-2850-Q.

Figure 6.11: Mars Opposition Burn Time and Number of Missions

Table 6.8 shows the score card for the Mars Opposition mission. The LANTR530
series engines have the highest performance which is consistent with the optimum Isp
predictions of Figure 6.3 and Table 6.5. If the number of missions is not a critical KPP,
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then all LANTR engines and all ammonia A-NTP missions have the best performance of
all considered engines. CH4+LOX Chemical underperforms these engines in terms of the
propellant mass which must be carried by the LADV for retanking. Both the H-NTP and
H2OExpXXX-1400-X engines performed the worst which is the same result as in the Mars
Conjunction mission.

Table 6.8: Mars Opposition Propulsion System Score Card
Architecture
CH4+LOX Chemical
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6
H2OExp330-1400-25
H2OExp330-1400-Q
H2OExp530-2400-Q
H2OExp530-1400-Q
NH3Exp330-2850-15
NH3Exp330-2850-25
NH3Exp530-2850-25
NH3Exp530-2850-Q

Volume
98.13
8.84
9.26
0.00
1.73
97.93
98.88
95.88
100.00
10.86
11.56
93.89
6.89
93.47
84.88
90.51
88.39

Dry
Mass
100.00
23.01
23.13
15.86
16.34
96.68
96.97
91.41
92.67
7.16
6.89
83.95
0.00
89.45
85.76
83.79
82.17

Prop.
Mass
66.16
99.98
100.00
99.59
99.66
90.23
90.45
90.04
91.04
2.48
2.91
54.31
0.00
70.65
66.95
69.38
68.46

# of
# of
Stages Missions
100.00
83.33
0.00
33.33
0.00
33.33
0.00
83.33
0.00
66.67
100.00
50.00
100.00
50.00
100.00
100.00
100.00
100.00
0.00
16.67
0.00
16.67
100.00
0.00
0.00
33.33
100.00
0.00
100.00
16.67
100.00
33.33
100.00
50.00

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##
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6.4 Vehicle Performance Summary
The LADV, Mars Conjunction, and Mars Opposition missions have shown that at
least some of the considered expander cycle A-NTP engines from Figure 5.4 can perform
these missions. The results in this chapter have shown that ammonia A-NTP engines are
capable of supporting all of the considered missions. However, these results are not enough
to answer Research Question #3. An analysis on the infrastructure requirements is required
and will be discussed in the next Chapter.
Before the discussion on the infrastructure begins, it is important to review the
engines that can support the missions as all others will be omitted from further analysis as
shown in Figure 6.12. All considered engines were able to support the Mars Conjunction
mission according to Section 6.3.2 resulting in all of them moving forward to the
infrastructure analysis. Of these, the CH4+LOX Chemical performed the best according to
the Table 6.7 score card. No water A-NTP or H-NTP engines can support the LADV
mission according to Section 6.3.1. In fact, the only A-NTP engines that can support this
mission are the NH3Exp330-2850-Q and NH3Exp330-2750-Q which results in all other
A-NTP engines omitted for this mission from further analysis. The only other engines that
can support the LADV mission are both chemical engines and the LANTR series except
for the LANTR330evenTP6. The best performing engine for the LADV mission was
determined to be CH4+LOX Chemical according to the Table 6.6 score card.
The Mars Opposition mission was able to be supported by CH4+LOX Chemical,
all H-NTP, and all LANTR engines. However, not all A-NTP engines could support this
mission due to the required engine life and only eight of them will be moving forward to
the infrastructure analysis which include four water A-NTP and four ammonia A-NTP
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engines. The four water A-NTP engines are H2OExp330-1400-25, H2OExp330-1400-Q,
H2OExp530-2400-Q, and H2OExp530-1400-Q and the four ammonia A-NTP engines are
NH3EXP330-2850-15,

NH3Exp330-2850-25,

NH3Exp530-2850-25,

and

NH3Exp530-2850-Q. The best performing engines for this mission are the LANTR530
series according to the Table 6.8 score card.
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Figure 6.12: Engine Down Selection Summary
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If a single engine were to be chosen to perform all three missions, it would have to
be the CH4+LOX Chemical due to the poor performance of the LANTR engines for the
LADV. However, the LADV is a Lunar launch vehicle, and the MTVs are Deep Space
vehicles which have a completely different type of mission. When the Mars missions are
considered, the best performing engines overall are both the CH4+LOX Chemical and
LANTR engines according to the Table 6.7 and Table 6.8 score cards. Ammonia A-NTP
engines could generally perform the Deep Space missions. The Mars Conjunction mission
favors lower temperatures due to longer engine life resulting in more missions according
to the score card in Table 6.7. The Mars Opposition mission can only perform with higher
temperatures due to lower Isp requiring longer burn times that reduce the total number of
missions per engine block more than lower temperatures increase the engine life as seen in
the score card in Table 6.8.
It is important to note that a best engine from each engine group was not selected
as each engine yields different vehicle performance in terms of the total number of missions
possible per engine block and the total required propellant. Other considered KPPs such as
the vehicle dry mass, volume, and number of stages do not vary as much with different
engines. However, the total number of missions possible per engine block will affect the
total number of launch vehicles required and the total required propellant will affect the
load on the infrastructure. Therefore, it is necessary to capture these variations to
understand the impact on the infrastructure from changing the propellant inside NTP
engines to be able to answer Research Question #1. The KPPs found through this analysis
will be used in the infrastructure analysis of the next chapter and only the engines that were
able to perform these missions will be analyzed.
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CHAPTER 7

INFRASTRUCTURE REQUIREMENTS AND COST

This chapter will focus on the required supporting infrastructure which includes the
Earth launches, infrastructure Lunar surface elements, Lunar launches, and LCL as
highlighted in Figure 7.1. As mentioned in Section 3.3, a Level 1 infrastructure approach
will be used which will take an arbitrary Main Mission Vehicle (LADV or the Mars
missions) with an arbitrary onboard propulsion system (any of the propulsion systems
analyzed in Chapter 6 for the vehicles) and accompanying performance metrics and
determine the required infrastructure to support this arbitrary Main Mission Vehicle.
Furthermore, the Main Mission Vehicle refers to the vehicle that can perform either of the
two Mars missions or the LADV mission. The excess resources left over from processing
the propellant for each mission will be determined and the total number of possible A-NTP
Supplemental Vehicle missions will be computed which will show the impact of using
A-NTP in a mission architecture. The Supplemental Vehicle will perform together with the
Main Mission Vehicle in parallel yielding to two vehicles performing the same mission
together. If there is enough excess propellant to support multiple Supplemental Vehicles,
then multiple Supplemental Vehicles will perform with a single Main Mission Vehicle.
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Figure 7.1: Infrastructure Analysis Scope
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Economies of scale will be evaluated by adjusting the infrastructure to support
parallel main mission vehicles and the supplemental vehicles will be included to utilize the
excess resources. This will further determine the impact of A-NTP in a mission by
evaluating how the infrastructure scale affects mission architecture performance with
A-NTP. Parallel missions in this context means multiple main mission vehicles and
supplemental vehicles operating at the same time but supported by a single infrastructure
that is scaled in size according to the number of main mission vehicles only. It should be
emphasized that this is a Level 1 infrastructure which means that no further processing of
the propellant will be considered for excess propellant utilization by the supplemental
vehicles. Therefore, if the only excess resource is ammonia, then the supplemental vehicle
will be able to only use ammonia.
The number of Supplemental Missions possible depends on the quantity of excess
propellant (supplementary propellant) used by the Supplemental Vehicle produced by the
infrastructure while it produces the main propellant for a single Main Mission. For
example, if the infrastructure supporting a single Main Mission results in 100 mton of
supplementary propellant for the Supplemental Vehicle and the Supplemental Vehicle
requires 90 mton, then the ratio is 10:9 Supplemental Missions to Main Missions (the
values are flipped). This means that 9 Main Missions will be required to provide enough
supplementary propellant for 10 Supplemental Missions. Another example would be that
a single Main Mission results in 300 mton of supplementary propellant for the
Supplemental Vehicle while the Supplemental Vehicle requires 500 mton. The ratio here
is 3:5 meaning that 3 Supplemental Missions are possible per every 5 Main Missions
performed.

152

7.1 Infrastructure Architectures
The infrastructure discussion should start from the infrastructure requirements for
each type of considered propulsion system. The reference H2+LOX Chemical
infrastructure volatile flow chart is shown in Figure 7.2. This same infrastructure could
also be used to support LANTR engines. Here, the Lunar volatiles are mined using the
mining tents and the raw volatiles flow into the Purification/Separation units which consist
of the Water, ISRU-derived, Purification Equipment (WIPE) assembly according to the
CLPA study as was shown in Figure 2.8 [2]. The water is separated from the rest of the
volatiles and is transferred to the electrolysis units while the other volatiles are vented.
Some of the architectures also consider that a portion of the mined water will flow to the
life support systems (not shown). Once the water has been electrolyzed, the hydrogen and
oxygen flow to the mission vehicle which could consist of the LADV or a MTV. Since the
oxygen to hydrogen mass ratio for the RL-10 is 6 [28] while the stoichiometric mass ratio
of these species in water is close to 8, this results in excess oxygen which is transferred to
the life support systems. Power is required for the mining tents, Purification/Separation,
and Electrolysis which are all powered by KRUSTY units, as described in Section 2.3.4
[2,67]. This reference architecture will now be modified to support A-NTP Supplemental
Vehicles as well as a variety of other propulsion systems alternative to the reference
H2+LOX Chemical.
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Figure 7.2: Reference H2+LOX Chemical Infrastructure Volatile Flow Diagram

7.1.1 H2+LOX Chemical/LANTR
The alternative H2+LOX Chemical/LANTR infrastructure architecture does not
significantly differ from the reference since both propulsion systems depend on hydrogen
and oxygen. Theoretically, the reference infrastructure in Figure 7.2 can also support
LANTR architectures. The only difference in this architecture is the utilization of the
scrubbed ammonia as shown in Figure 7.3.The other two raw resources that are left over
from this infrastructure that could be used for propellant are carbon dioxide and methane.
They are not considered here because carbon dioxide requires post processing, additional
hydrogen (which there is none), and additional infrastructure elements while raw methane
is in trace quantities according to Table 2.1 [2].
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Figure 7.3: Alternative H2+LOX Chemical/LANTR Infrastructure Volatile Flow
Diagram

7.1.2 H-NTP
The alternative H-NTP infrastructure architecture is only applicable to the Mars
missions since H-NTP cannot support the LADV missions, as was discussed in the
previous chapter. Figure 7.4 shows this architecture with the main difference being that no
oxygen is transferred to the main mission vehicle and all of it is transferred to the life
support system. Ammonia is still transferred to the supplementary vehicle while carbon
dioxide and methane are vented just as in the previous infrastructure.

155

Figure 7.4: Alternative H-NTP Infrastructure Volatile Flow

7.1.3 CH4+LOX Chemical
The alternative CH4+LOX Chemical infrastructure architecture is the most
complex as it requires Sabatier units which also require power. Furthermore, the limiting
resource is carbon dioxide which will result in excess water on top of the excess ammonia
that could be used by the Supplemental Vehicle(s). Since water is a biproduct of the
Sabatier process, there is a feedback of resource transfer between the electrolyzer and
Sabatier units. It is also possible to transfer the excess water to life support systems (not
shown). Although methane constitutes an even smaller fraction of the Lunar volatiles than
carbon dioxide according to Table 2.1 [2], it is still obtained and sent to the main mission
vehicle. The mass mixture ratio of oxygen to methane of 2.9 [98] will result in excess
oxygen that will be produced which will be routed to the life support systems. Here, water
and ammonia are the only remaining usable excess resources for propellant onboard the
Supplemental Vehicle(s) as both carbon dioxide and methane are fully utilized.
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Figure 7.5: Alternative CH4+LOX Chemical Infrastructure Volatile Flow

7.1.4 A-NTP
The A-NTP infrastructure architecture results in the simplest architecture of all
those

considered

as

shown

in

Figure

7.6.

Here,

only the

mining

tents,

purification/separation, and KRUSTY power units are required without the need for any
electrolyzers. Both water and ammonia will be available regardless of whether water or
ammonia A-NTP engines are onboard the Main Mission Vehicle as indicated by the dual
arrow colors. The drawback of A-NTP, as was discussed in the previous chapter, is the
propellant mass required by these systems which could result in more mining tents and
purification/separation units than all other considered architectures. Since the mining and
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purification/separation systems are linearly scalable according to the CLPA study in terms
of both units and cost [2], the benefits of economies of scale can only be implemented for
the electrolysis and KRUSTY units.

Figure 7.6: Alternative A-NTP Infrastructure Volatile Flow

7.2 Lunar Surface Access
The infrastructure elements shown in the previous section for the different
architectures must be delivered into LDHEO by an Earth launch vehicle with a LCL to
softly land these elements on the Lunar surface in the designated area for mining with the
scope of how the LCL fits into the architecture highlighted in Figure 7.7. Currently, there
is no design of a vehicle for NASA’s Artemis program that would land cargo on the Moon.
NASA is currently seeking ideas for such a vehicle [42]. Therefore, a 1st order analysis
approach is made to size the LCL depending on the launch vehicle used. The ΔV
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requirements on the LCL are taken to be the 140 m/s to transfer from LDHEO to LDRO
[8,26,36], 1428 m/s for orbital maneuvers from the LADV [38], and 2100 m/s for descent
maneuvers also from the LADV [38] resulting in a ΔV requirement of 3668 m/s.
Furthermore, the same inert mass fraction from the LADV is used which is 0.147 [38].
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Figure 7.7: Scope of LCL Within the Architecture
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The considered launch vehicles were shown in Table 2.3 with the SpaceX Starship
omitted based on the order of magnitude (or more) lower cost per kg of payload as
discussed in Section 2.3.2 which will end up skewing the launch vehicle results in favor of
Starship. This omission will yield a fair comparison across all launch vehicles. The
considered launch vehicles use either hydrogen or methane as fuels on their 2nd stage with
launch vehicles that use methane having smaller payload fairings by volume than launch
vehicles that use hydrogen. Therefore, the propellant will be assumed to be the same as
that of the 2nd stage of the launch vehicle to reflect the payload volume available. The net
mass constraint of the LCL including the cargo that it is carrying is set to be the payload
mass that can be delivered by the launch vehicle to LDHEO. The IRE (Eq. (2.1)) is coupled
with the total payload mass of each launch vehicle to solve for the mass that can be landed
on the Lunar surface with the results shown in Table 7.1. Since the SLS has the largest
payload to LDHEO, it can deliver the largest payload to the Lunar surface. However, this
option has the highest cost per kilogram landed. The vehicle with the lowest cost per
kilogram landed is the Partially Recoverable Falcon Heavy (FH-Par-Recov) launch
vehicle. Based on Table 7.1, the launch vehicle selection will be made.
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Table 7.1: Lunar Cargo Lander Options

Launch Vehicle

Propellant

Total
Mass (kg)

F9-Recov [44,51]
F9-Exp [44,51]
FH-Recov [44,51]
FH-Par-Recov [44,51]
FH-Exp [44,51]
New Glenn [45]
SLS [46]

CH4+LOX
CH4+LOX
CH4+LOX
CH4+LOX
CH4+LOX
CH4+LOX
LH2+LOX

4000
6000
5200
18700
20800
8600
46800

####
####

Landed
Payload
Mass (kg)
1013
1519
1317
4735
5267
2178
16601

Cost per
Landed
Mass ($/kg)
49358
40816
68337
22175
28479
59688
96380

Values from References
Calculated Values

7.3 Launch Schedule
The scope of this section is shown in Figure 7.8 with the launch vehicles and RCS
elements highlighted. The launch vehicle selection for the different elements discussed in
Section 2.3.4 will be presented along with the results shown in Table 7.2. This discussion
will be followed by a brief 1st order analysis of the capabilities of the selected launch
vehicles to perform the RCS maneuvers.
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Figure 7.8: Launch Vehicle and RCS
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The launch vehicle and number of elements per launch are allocated based on the
payload fairing dimensions from Appendix A, mass to LDHEO or Lunar surface, and cost
per kilogram from Table 7.1. For example, the KRUSTY power units have a total mass of
2258 kg with a diameter of 0.58 m and are 1.5 m tall and are to be delivered to the Lunar
surface. Only the FH-Par-Recov, FH-Exp, and SLS launch vehicles can perform this task
from a volume and mass basis according to Appendix A and Table 7.1. Both FH options
can land only two KRUSTY units while the SLS can land seven per launch. However, the
cost per unit landed for the cheaper FH option (FH-Par-Recov) is $52.5M while it is
$228.6M for the SLS. Therefore, the FH-Par-Recov launch vehicle is selected. Similarly,
each 330 MW NTP engine has a mass up 3900 kg based on the analysis from Chapter 5,
total length of 7.6 m, and a maximum diameter of 2.2 m from literature [26]. The launch
vehicles that can accommodate this to LDHEO are F9-Recov, F9-Exp, FH-Recov, FH-ParRecov, FH-Exp, New Glenn, and SLS. However, only one 330 MW NTP engine will fit
into the F9 and FH payload fairings while two will fit into the New Glenn and six will fit
into the SLS payload fairings based on the payload bay data from Appendix A. The
cheapest F9 and FH option is the F9-Recov at $50M per engine, New Glenn is $65M per
engine, and SLS is $267M per engine. Therefore, the F9-Recov is selected. The same
process is applied to the rest of the elements and units with the results shown in Table 7.2.
Here, the number of units per launch and associated launch costs are shown with the
infrastructure elements shaded in orange, the engine replacements shaded in blue, and
vehicle assembly launches shaded in grey.
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Table 7.2: Unit Allocation per Launch Vehicle [45,46,51]

Unit

Mass
(kg)

Launch
Vehicle

Electrolyzer
KRUSTY
Sabatier
NTP-530 (L-Surf)
NTP-330 (L-Surf)
Chemical (L-Surf)
NTP-530 (LDHEO)
NTP-330 (LDHEO)
Chemical (LDHEO)
Stages (LDHEO)

1290
2258
21.766
5500
3700
400
5500
3700
400
46800

FH-Par-Recov
FH-Par-Recov
FH-Par-Recov
SLS
FH-Par-Recov
F9-Recov
New Glenn
F9-Recov
F9-Recov
SLS

####
####
####

Payload
Capability
4735
4735
4735
16601
4735
1013
8600
4000
4000
46800

Units Launch
per
Cost
Launch ($M)
3
105
2
105
217
105
3
1600
1
105
2
50
1
130
1
50
2
50
1
1600

Infrastructure Elements
Engine Replacements
Vehicle Assembly

An important aspect is the RCS maneuvers which are used to maneuver
components from LDHEO to LDRO to bring them to the MTV. A 1st order analysis is
conducted on the highest payload with the lowest mass margin which is the F9-Recov
carrying the NTP-330 engine into LDHEO. The RCS system is required to have a total
initial mass of 230 kg to provide the required ΔV of 140 m/s for the maneuver [8,26,36].
This system considered the same inert mass fraction as the LADV of 0.147 [38] and the
MTV RCS Isp of 320 seconds [43]. Based on the results of Table 7.2, this launch vehicle
selection will suffice the RCS system requirements.
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7.4 Infrastructure Analysis and Results
This section will analyze the infrastructure and launch vehicle requirements using
the vehicle performance data from Chapter 6. The scope that this section was presented in
Figure 7.1. It should be emphasized that the Lunar infrastructure is just a small part of the
entire infrastructure required to support the LADV and Mars missions. The results of this
section will include the infrastructure KPPs as were shown in Figure 3.2. However, before
delving into the analysis, the cost estimation must be discussed.
The cost estimation relies on inputting the masses of the infrastructure elements
shown in Section 2.3.4 and Section 2.5.2.3 into NAFCOM which results in the base unit
costs shown in Table 7.3. The launch costs of Table 7.2 will also be incorporated into the
total cost of the infrastructure. Given the 10-year life of the infrastructure, the maximum
number of total missions possible within this time frame will be evaluated to provide a
conservative requirement and cost evaluation. The linearly scalable mining tent has a cost
of $103M which includes the required launch vehicles, mining tents themselves, and
separation/purification units as mentioned in Section 2.3.4. The rest of the units will follow
the NAFCOM economies of scale formulation according to Eq. (7.1) [70] where 𝐶1𝑠𝑡 𝑢𝑛𝑖𝑡
is the cost from Table 7.3 and 𝑛𝑢𝑛𝑖𝑡𝑠 is the total number of required units which will yield
the total cost of all units 𝐶𝑡𝑜𝑡 according to the NAFCOM correlation [70]. The
infrastructure requirements will now be evaluated based on the architectures shown in
Section 7.1, the launch schedule from Section 7.3, the vehicle propellant demand from
Chapter 6, and the cost description in this section according to the methodology of
Section 3.3.
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Table 7.3: Infrastructure Unit Masses and Costs
Unit
Electrolyzer
KRUSTY
Sabatier
Mining Tent

Mass (kg) Cost ($M)
1290
10.76
2258
15.59
21.766
2.25
103

0.7655
𝐶𝑡𝑜𝑡 = 𝐶1𝑠𝑡 𝑢𝑛𝑖𝑡 𝑛𝑢𝑛𝑖𝑡𝑠

(7.1) [70]

7.4.1 LADV
According to the LADV reference [38], these vehicles can be launched at any time
and multiple instances can coexist on the Lunar surface in a hibernation state until needed.
One possible scenario is that once needed, a fleet of these vehicles can be launched with
the quick 24-hour turnaround time utilized until a customer vehicle is fully tanked.
Afterwards, the vehicles can either be retanked and filled with more propellant to deliver
or enter the hibernation state again while the infrastructure produces the required propellant
for the next customer vehicle arrival. [38]
As was mentioned in Section 2.3.1.1, the concern of the Moon beginning to have
an atmosphere will take on the order of millions of years even with multiple LADV
missions constantly launching. Furthermore, although the exhaust of these vehicles will be
radioactive if NTP engines are considered [4], there is no immediate concern for the Moon
to have a radioactive atmosphere due to the length of time that it will take for any
significant difference to have any effect.
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Figure 7.9 shows the quantity of each type of element that is needed to support the
24-hour launch frequency. The black dashed line represents the number of required
infrastructure elements for the reference H2+LOX Chemical propulsion system. The
number of mining tents and KRUSTY power units required is the smallest for the reference
but also requires the most engine replacements due to the short 1.25 hour life of the RL-10
engine [99]. The CH4+LOX Chemical architecture requires many more mining tents than
the H2+LOX Chemical engines since the limiting resource is carbon dioxide. Sabatier units
are only applicable to this architecture since they are used for methane production. The
ammonia A-NTP engines require the most mining tents as ammonia is sparser than water
in the Lunar regolith, therefore, the mining effort is an order of magnitude greater than any
of the non-ammonia-based propellants. Due to the number of these mining tents, the
number of KRUSTY power units is also an order of magnitude greater than the other
propulsion systems. As a result, the ammonia A-NTP infrastructure requires the greatest
number of infrastructure elements for this mission architecture. The architectures that
require the least elements are the reference H2+LOX Chemical with the LANTR
architectures following it.
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Figure 7.9: LADV Infrastructure Elements

Figure 7.10 shows that ammonia-based architectures for this mission are the most
expensive due to the cost and number of the KRUSTY power units. The cost values shown
in Figure 7.10 include the cost of the units and launch vehicles. Because the cost of the
ammonia A-NTP architectures is so high based on the cost of all units and launch costs,
these architectures will be omitted from further analysis as options for Main Mission
Vehicles for this mission as they will skew the data once it is normalized. However, they
will still be considered for Supplemental Vehicles.
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Figure 7.10: LADV Total Element Cost

It is important to consider the resources that are in excess that could be utilized by
a Supplemental Vehicle according to the infrastructure architectures shown in Section 7.1.
Figure 7.11 shows these resources where CH4+LOX Chemical results in the most excess
water and ammonia.
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Figure 7.11: LADV Available Resources for a Supplemental Vehicle

The next step is to incorporate a Supplemental Vehicle which will use some of the
excess resources left-over from propellant production for the Main Mission Vehicle. The
analysis in Chapter 6 determined that no water A-NTP vehicle architectures can support
the LADV mission, however, two ammonia A-NTP vehicle architectures can which
include the NH3Exp330-2750-Q and NH3Exp330-2850-Q engines. These two engines
were cut from being able to support the Main Mission Vehicle, but are still considered for
the Supplemental Vehicle as they will not modify the Level 1 infrastructure and the high
costs associated with these engines in Figure 7.10 will not apply. Of these two, the
NH3Exp330-2750-Q vehicle architecture results in the greatest number of missions per
engine block according to Figure 6.4. Therefore, the NH3Exp330-2750-Q is selected as
the engine for the Supplemental Vehicle.
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Once the Supplemental Vehicle is added to the architecture as shown in Section
7.1, the total number of missions will increase. This is because both the Main Mission
Vehicle and Supplementary Vehicle perform the missions in parallel. The left graph of
Figure 7.12 shows the percent increase in the number of missions capability (x-axis) per
architecture (y-axis) once the Supplemental Vehicle becomes a part of the architecture. It
should be emphasized that the infrastructure was designed to support only the Main
Mission Vehicle and no changes to the infrastructure were made. This significantly affects
the cost per mission and will be discussed in detail in Section 7.4.4.
In all cases, the number of missions increased and the CH4+LOX Chemical
architecture shows the greatest increase due to the volume of mined resources being the
greatest. The right graph of Figure 7.12 shows the percent decrease in the cost per mission.
There is a direct correlation between the cost savings per mission and the increase in the
total number of missions when the Supplemental NH3Exp330-2750-Q Vehicle is
introduced into the mission architecture. It should be noted that since the cost of the vehicle
has been incorporated, the decrease in the cost per mission is less than the increase in the
number of missions.

172

Figure 7.12: LADV NH3Exp330-2750-Q Supplemental Vehicle Effect on Missions

The cost per mission when utilizing parallel missions are plotted as shown in Figure
7.13 which demonstrates the economies of scale taking effect with the second order
exponential curve fits for each propulsion system group. Here, each propulsion system is
seen to asymptote as the number of parallel missions increases and reaches a steady level
at around 10 parallel missions. Furthermore, the difference in the cost per mission between
architectures using only the Main Mission Vehicle and architectures also using the
Supplemental Vehicle are constant with increasing number of parallel missions and follow
the trends that were presented on the right graph of Figure 7.12. This is due to the use of
the 24-hour turnaround time for this mission resulting in a total of 3650 missions per
vehicle for the entire 10-year period. Therefore, any variation in costs is overshadowed by
the economies of scale meaning that any conclusions made at any number of parallel
missions will still hold no matter the number of parallel missions whether it be 1 or 100.
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Figure 7.13: LADV Economies of Scale

The KPP values at 10 parallel missions where the asymptotic trend results in steady
values are scored according to the methodology described in Section 3.4 and the score card
is shown in Table 7.4. Both the Main Mission Vehicle and Supplemental Vehicle are
considered. For the LADV, the KPP that defines the number of LADV Launches is not
considered since the LADV does not support itself but is directly supported by the
infrastructure for its propellant requirements. Table 7.4 shows that the LANTR330maxT6
is the winning propulsion system for this mission architecture with the H2+LOX Chemical
in second place. Therefore, the LANTR330maxT6 and NH3Exp330-2750-Q vehicle pairs
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will be used to provide propellant to the MTVs in LDRO. The Isp of these vehicles are
consistent with the predictions from the Ideal Rocket Energy Equation for this mission as
was shown in Figure 6.2. The cost per mission for the LANTR330maxT6 is fitted by a
power function which follows the same trends shown in Figure 7.13 with the number of
LADV launches 𝑛𝐿𝐴𝐷𝑉 as the argument with the result shown in Eq. (7.2). This relation
will be used to determine the cost of each LADV launch for the Mars Conjunction and
Mars Opposition mission architectures.

Table 7.4: LADV Infrastructure Score Card
# of
Engine
Repl.
CH4+LOX Chemical
H2+LOX Chemical
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6

100.00
0.00
91.84
95.63
94.02

# of
Infra.
Elements

Total # of
Missions

0.00
100.00
88.16
83.25
88.39

100.00
0.00
19.42
25.63
12.23

Total
Arch.
Cost
0.00
100.00
87.54
34.10
34.81

Cost
per
Mission
0.00
100.00
86.99
23.00
20.92

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##

−0.9773
𝐶𝐿𝐴𝐷𝑉 = 21.02𝑛𝐿𝐴𝐷𝑉
+ 1349

(7.2)

7.4.2 Mars Conjunction
The Mars Conjunction mission architecture with a single vehicle supports a total of
3 missions during the 10-year life of the infrastructure if both the 976-day long mission
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time and Mars mission windows of 26 months are considered [8]. Based on this mission
frequency and the propellant for each considered vehicle architecture from Chapter 6, the
number of required infrastructure elements is determined with the results shown in Figure
7.14. The number of mining tents varies between 1 and 2 while the number of KRUSTY
units varies greatly. This is because at the considered turnaround time between missions,
in some cases, not even 1 mining tent is fully utilized, therefore, the required power level
is low resulting in a low number of KRUSTY units and vice versa. The H-NTP vehicles
require two electrolyzers since the propellant mass consists of hydrogen which is only
11.19% of the mass of water mined while the other propulsion systems that use only one
electrolyzer also utilize oxygen. The propulsion systems with the lowest Isp require the
greatest number of Lunar Launches to carry the total propellant mass to the vehicle. The
opposite is true with the H-NTP engines with the highest Isp. Only the H2+LOX Chemical
engine and the H2OExp330-2400-15 require an engine replacement throughout the 10-year
infrastructure life since they have the shortest life and the longest burn time due to their
low thrust. The NH3ExpXXX-XXXX-X and H2OExpXXX-1400-X infrastructures
require the greatest number of infrastructure elements. Due to the scarcity of ammonia in
the Lunar regolith, the mining efforts to support ammonia missions result in the
NH3Exp530-2850-Q,

NH3Exp330-2450-15,

NH3Exp330-2750-Q,

NH3Exp530-2550-25 architectures requiring more than one mining tent.
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and

Figure 7.14: Mars Conjunction Infrastructure Elements

Figure 7.15 shows the cost of the architectures with the cost of the units and launch
costs included. Lunar launches make up the bulk of the cost for the H2OExpXXX-1400-X
series infrastructures while the KRUSTY power units of the ammonia-based infrastructures
are the most expensive and push the total cost of the NH3ExpXXX-XXXX-X
infrastructures slightly below that of the H2OExpXXX-1400-X series infrastructures. The
single most expensive infrastructure is that which supports the H2OExp530-1400-Q
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architecture while the least expensive is the LANTR330maxT6. Because the turnaround
time per mission is so long, the bulk of the costs in most mission architectures are the
vehicles and the Earth launch costs required to aggregate them. As with the LADV, the
architectures that will end up skewing the normalized results due to their performance and
costs are omitted from further analysis which include the H2OExpXXX-1400-X and
NH3ExpXXX-XXXX-X series architectures.

Figure 7.15: Mars Conjunction Cost of Elements
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Figure 7.16 shows the excess resources for each of the remaining infrastructures.
All H-NTP architectures result in the greatest excess oxygen. As with the LADV, due to
the scarcity of carbon dioxide, only the CH4+LOX Chemical architecture results in excess
water after the down selection previously mentioned is made. The rest of the architectures
produce both excess ammonia and carbon dioxide but several times lower than H-NTP and
CH4+LOX Chemical architectures.

Figure 7.16: Mars Conjunction Excess Resources

Since the Mars Conjunction mission length only allows for 3 consecutive missions
for a single vehicle (Main Mission and Supplemental), the interest is to select an engine for
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the Supplemental Vehicle that does not require any engine block replacements. A water
A-NTP Supplemental Vehicle will be considered first. This water A-NTP Supplemental
Vehicle will only be applicable to the CH4+LOX Chemical architecture as it is the only
one that results in excess water when ammonia A-NTP infrastructures have been omitted.
The mass of this excess water is 626 mton per CH4+LOX Chemical mission as shown in
Figure 7.16. The water A-NTP engine that can perform the 3 missions during the 10-year
vehicle life and requires the least resources is the H2OExp330-2400-25 with a water
propellant demand of 341 mton per mission as was shown in Figure 6.5.
Next, the utilization of ammonia onboard a Supplemental Vehicle will be
considered separately without the utilization of water. The NH3Exp330-2850-Q engine is
selected for the Supplemental Vehicle because it minimizes the required ammonia to be
brought from the Lunar surface according to Figure 6.5. However, not enough ammonia is
produced when a single Main Mission Vehicle is considered by any of the infrastructures.
Therefore, parallel Main Mission Vehicles must be considered to enable the use of an
ammonia A-NTP Supplemental Vehicle and this will also increase the total number of
missions possible for all architectures depending on the number of parallel missions.
Since only the CH4+LOX Chemical architecture can use both water and ammonia
A-NTP Supplemental Vehicles, it is necessary to understand how these Supplemental
Vehicles affect the cost per mission of this architecture. Figure 7.17 shows the cost per
mission (top graph) and total number of missions (bottom graph) for just
CH4+LOX Chemical (green), with ammonia A-NTP only (orange), with water A-NTP
only (light blue), and with both water and ammonia A-NTP (purple). As expected, when
more Supplemental Vehicles are added, the total number of missions increase with water
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A-NTP increasing them the most. However, since the total number of missions at the lower
numbers of parallel missions are small, economies of scale do not take hold and large cost
per mission variations are observed. Furthermore, water A-NTP is only effective at
decreasing the cost per mission up to 2 parallel missions, beyond which it is preferrable to
use only the ammonia Supplementary Vehicle. This is primarily due to the large number
of LADV launches required to fully retank a water A-NTP Supplemental Vehicle which
function as the primary cost driver since their economies of scale level out after 10 parallel
missions as was shown in Figure 7.13. Since such large amounts of water are produced in
excess and it is not cost effective to use the water A-NTP Supplemental Vehicle due to the
high costs of the LADV launches, a Level 2 infrastructure will need to be analyzed for the
CH4+LOX Chemical architecture to use the excess water resource more effectively.
However, this is outside the scope of this study.
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Figure 7.17: Mars Conjunction CH4+LOX Supplemental Vehicle Performance
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The discussion regarding the rest of the architectures will only include the ammonia
A-NTP Supplemental Vehicle since the rest of the architectures do not produce excess
water for use onboard the water A-NTP Supplemental Vehicle. The addition of the
ammonia A-NTP Supplemental Vehicle will result in an increase in the total number of
missions supported by the same infrastructure as shown in Figure 7.18 by the second order
exponential curve fits for each propulsion system group. The percent increase in the
number of missions keeps going up for the CH4+LOX Chemical and H-NTP architectures
which is an artifact of the curve fitting, and an asymptotic behavior is achieved around
20%. The asymptotic behavior is clearly seen in the H2+LOX Chemical, LANTR, and
water A-NTP architectures corresponding to a maximum increase in 8%, 4.75%, and 4%
for the respective propulsion systems. The larger increase in the number of missions for
the CH4+LOX Chemical and the H-NTP architectures is due to the larger mining effort
required which produces more excess ammonia than the rest of the architectures. As a
result, the CH4+LOX Chemical and H-NTP architectures benefit the most from the
NH3Exp330-2850-Q Supplemental Vehicle in terms of the increase in the total number of
missions since more Supplemental Missions are supported by the excess resources left over
from producing propellant for a single Main Mission Vehicle. The costs of assembling
these Supplemental Vehicles have been incorporated.
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Figure 7.18: Mars Conjunction Supplemental Vehicle Effect on Number of Missions

The cost per mission is shown in Figure 7.19 with 2nd order exponential curve fits.
The asymptotic trend is not observed except for the water A-NTP architecture as indicated
by the trends and data. In general, the biggest differences occur up to 10 parallel missions.
The addition of the ammonia A-NTP Supplemental Vehicle to the H-NTP and
CH4+LOX Chemical architectures results in a decrease in the cost per mission up to 50 to
55 parallel missions with the largest decrease seen at around 10 parallel missions. The
water A-NTP architecture always benefits from the addition of the ammonia A-NTP
Supplemental Vehicle with the largest difference seen at around 45 parallel missions. Both
H2+LOX Chemical and LANTR architectures marginally benefit from the addition of the
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ammonia A-NTP Supplementary Vehicle with economies of scale increasing the benefit
with increasing parallel missions but consistently result in the lowest cost per mission of
all architectures.
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Figure 7.19: Mars Conjunction Economies of Scale with Ammonia A-NTP
Supplementary Vehicle
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A score card analysis is performed at three inflection points for the Mars
Conjunction mission based on Figure 7.19. These inflection points correspond to parallel
missions of 1, 10, and 60 corresponding to the locations where the curves in Figure 7.19
cross and result in the maximum differences after the crossing. Table 7.5 shows the score
card for 1 parallel mission where only CH4+LOX Chemical is supplemented by the water
A-NTP Supplemental Vehicle while all others are supplemented by the ammonia A-NTP
Supplemental Vehicle to yield a best-on-best comparison. Since none of the infrastructures
produce enough ammonia at one parallel mission to support the ammonia A-NTP
Supplemental Vehicle, it makes sense that the CH4+LOX Chemical architecture has the
highest total number of missions than the rest since it relies on the water A-NTP
Supplemental Vehicle. Furthermore, the CH4+LOX Chemical architecture has the lowest
cost per mission of all considered architectures. However, it performs the worst in terms of
the rest of the parameters. The best performing architectures for one parallel mission are
the LANTR series where all parameters, but the total number of missions, are green
indicating that it has the highest score. This is consistent with the IREE predictions for the
Mars Conjunction mission in Table 6.5.
The considered water architectures also scored higher than H-NTP architectures
due to a lower required number of infrastructure elements since no electrolyzation is
required. The H-NTP architectures have one of the lowest scores only higher than the
CH4+LOX Chemical architecture. Water A-NTP architectures scoring higher than H-NTP
architectures is consistent with IREE predictions.
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Table 7.5: Mars Conjunction Infrastructure Score Card 1 Parallel Mission

Architecture
CH4+LOX Chemical
H2+LOX Chemical
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6
H2OExp330-2400-15
H2OExp330-2400-25
H2OExp330-2400-Q
H2OExp530-2400-25
H2OExp530-2400-Q

# of
Engine
Repl.
0.00
0.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
0.00
100.00
100.00
100.00
100.00

# of
Infra.
Elements
0.00
100.00
25.00
25.00
18.75
18.75
93.75
93.75
93.75
93.75
93.75
93.75
93.75
93.75
93.75

# of
Lunar
Launches
0.00
95.24
100.00
100.00
97.62
97.62
95.24
97.62
95.24
95.24
71.43
69.05
69.05
69.05
66.67

Total #
of
Missions
100.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##
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Total
Mission
Cost
0.00
98.09
88.75
88.75
86.66
86.66
99.51
100.00
99.50
99.50
81.57
83.39
82.90
82.41
80.93

Cost
per
Mission
100.00
77.04
35.08
35.09
25.71
25.72
83.40
85.60
83.37
83.34
2.85
11.04
8.84
6.63
0.00

Next, 10 parallel missions are examined, however, all considered architectures now
use the ammonia A-NTP Supplemental Vehicle and none use the water A-NTP
Supplemental Vehicle. The results are shown in Table 7.6 where all the LANTR series
architectures scored the highest again while only scoring the lowest in the total number of
missions. This makes sense because these architectures also require one of the fewest
number of infrastructure elements suggesting that the total load on the infrastructure is low
which results in low excess resources and not enough to provide for the ammonia A-NTP
Supplemental Vehicle. The H2+LOX Chemical architecture scored in second place since
it requires engine replacements due to the short life of the RL-10 engine. However,
according to the score values, the H2+LOX Chemical scored the highest in having the
fewest infrastructure elements. Unlike the case of one parallel mission, water A-NTP
scored the lowest in terms of the total number of missions and costs while
CH4+LOX Chemical architectures scored the lowest in the number of infrastructure
elements, Lunar launches, and total mission cost. These scores resulted in water A-NTP
and CH4+LOX Chemical architectures scoring the lowest of all considered architectures.
The H-NTP architectures scored low in terms of the infrastructure elements, Lunar
launches, and total mission cost.
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Table 7.6: Mars Conjunction Infrastructure Score Card 10 Parallel Missions

Architecture

# of
Engine
Repl.

# of Infra.
Elements

# of
Lunar
Launches

Total #
of
Missions

Total
Mission
Cost

Cost
per
Mission

CH4+LOX Chemical
H2+LOX Chemical
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6
H2OExp330-2400-15
H2OExp330-2400-25
H2OExp330-2400-Q
H2OExp530-2400-25
H2OExp530-2400-Q

100.00
0.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
0.00
100.00
100.00
100.00
100.00

4.00
100.00
7.00
8.00
0.00
2.00
95.00
95.00
94.00
94.00
80.00
78.00
78.00
77.00
74.00

0.00
94.44
33.33
33.33
27.78
27.78
94.44
100.00
94.44
94.44
38.89
33.33
33.33
33.33
27.78

100.00
0.00
100.00
100.00
100.00
100.00
0.00
0.00
0.00
0.00
20.00
20.00
20.00
20.00
20.00

13.94
99.32
33.26
33.53
27.71
28.98
99.04
100.00
97.06
97.52
18.07
14.08
11.92
8.52
0.00

64.01
99.22
83.08
83.35
77.60
78.86
98.90
100.00
96.63
97.15
20.06
15.63
13.23
9.45
0.00

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##
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Lastly, 60 parallel missions are considered also with only the ammonia A-NTP
Supplemental Vehicle and the results are shown in Table 7.7. Here, both
CH4+LOX Chemical and H-NTP scored the lowest of all considered architectures. The
LANTR architectures scored the highest again. The second highest score is by the
H2+LOX Chemical where the number of required engine replacements resulted in a lower
score than LANTR. The water A-NTP architectures scored higher than the
CH4+LOX Chemical and H-NTP but lower than the H2+LOX Chemical architectures.
Based on these results, it can be concluded that the LANTR architectures are preferred for
the Mars Conjunction mission. Furthermore, IREE consistently predicted a low score for
the H-NTP architectures which is evidenced by these score cards. However, IREE should
not be used exclusively as it does not predict the actual scores based on the Isp but merely
predicts which engine Isp will likely score the lowest.
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Table 7.7: Mars Conjunction Infrastructure Score Card 60 Parallel Missions

Architecture
CH4+LOX Chemical
H2+LOX Chemical
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6
H2OExp330-2400-15
H2OExp330-2400-25
H2OExp330-2400-Q
H2OExp530-2400-25
H2OExp530-2400-Q

# of
# of
Engine
Infra.
Repl. Elements
0.00
50.00
0.00
0.00
0.00
0.00
100.00
100.00
100.00
100.00
0.00
50.00
50.00
50.00
50.00

# of
Lunar
Launches

Total #
of
Missions

Total
Mission
Cost

Cost
per
Mission

0.00
100.00
4.08
12.93
3.40
3.40
91.16
91.84
91.16
91.16
66.67
65.99
65.99
65.99
56.46

93.94
0.00
93.94
90.91
100.00
96.97
6.06
6.06
6.06
6.06
24.24
24.24
27.27
27.27
30.30

5.42
100.00
3.85
11.91
0.00
0.97
95.79
96.55
94.86
95.22
55.29
53.10
51.89
50.43
45.36

4.99
100.00
2.31
13.56
0.95
0.00
96.67
98.16
94.83
95.53
33.71
29.50
29.97
27.19
20.34

7.18
100.00
7.69
8.72
0.00
1.88
94.87
95.56
94.19
94.53
78.12
76.41
75.56
74.70
71.79

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##
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7.4.3 Mars Opposition
Unlike the Mars Conjunction mission, the Mars Opposition mission architecture
with a single vehicle supports a total of 4 missions during the 10-year life of the
infrastructure when both the mission time of 2 years and a Mars launch opportunity
window of 26 months are considered. Based on this mission frequency and the propellant
for each considered vehicle architecture from Chapter 6, the number of required
infrastructure elements is determined with the results shown in Figure 7.20. The LANTR
engines stand out as they require fewer electrolyzers and power units than the
H2-530evenTP reference. When the total number of infrastructure elements are summed,
the LANTR engines result in the least number of infrastructure elements. Due to the higher
ΔV and associated longer burn times, a lot more of the vehicles will require engine block
replacements throughout their 10-year life. The CH4+LOX Chemical, reference
H2-530evenTP, LANTR530evenTP6 and LANTR530maxT6 vehicle architectures are the
only ones that do not require engine block replacements. The H2+LOX Chemical vehicle
architecture cannot perform this mission due to the burn times exceeding the engine life.
Other A-NTP engines that are absent from this mission had burn times of a single mission
exceeding their operational lives. The CH4+LOX Chemical, H2OExpXXX-1400-X, and
ammonia A-NTP vehicle architectures require the most infrastructure elements.
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Figure 7.20: Mars Opposition Infrastructure Elements

The infrastructure costs which include the cost of the elements and launches are
shown in Figure 7.21. The H2OExpXXX-1400-X architectures require the largest number
of Lunar launches given the lowest Isp of all considered propulsion systems for this mission.
As with the other two missions, ammonia requires the largest number of KRUSTY power
units which make up the bulk of the cost for these infrastructures. Similar to the Mars
Conjunction mission, the lowest infrastructure costs are incurred by the LANTR
architectures. Given the high costs of the CH4+LOX, H2OExpXXX-XXXX-X, and
ammonia A-NTP infrastructures, these architectures are omitted from further analysis to
prevent the skewing of normalized parameters. The high costs of these infrastructures are
also consistent with the IREE as these omitted architectures all perform below the lower
bound of 515 second Isp and are outside the logarithmic interval of the optimum Isp for this
mission.

194

Figure 7.21: Mars Opposition Total Cost of Elements

Only the H-NTP and LANTR architectures remain. Figure 7.22 shows the excess
resources for these architectures where H-NTP results in about five times greater left-over
oxygen than LANTR. The higher required resource mining for H-NTP architectures is
reflected in the higher amount of excess ammonia when compared to the LANTR. No
infrastructures remain that produce excess water.
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Figure 7.22: Mars Opposition Excess Resources

A water A-NTP Supplemental Vehicle will not be applicable for this mission and
only an ammonia A-NTP Supplemental Vehicle will be considered. Since the Mars
Opposition mission can perform 4 missions within the 10-year life span of the
infrastructure and vehicle, but the burn times are significantly longer as was shown in
Figure 6.10, the selected engine for the Supplemental Vehicle must have a life to supply at
least 4 missions and minimize the amount of ammonia required from the surface. Only one
engine can provide at least 4 missions and that is the NH3Exp530-2850-Q. When an
infrastructure is designed around a single vehicle to perform 4 missions over a 10-year life,
just as in the Mars Conjunction mission, no infrastructure produces enough ammonia for
even one mission. Therefore, parallel missions must also be considered for the Mars
Opposition mission to utilize the NH3Exp530-2850-Q Supplemental Vehicle.
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Figure 7.23 shows the increase in the number of missions when the
NH3Exp530-2850-Q Supplemental Vehicle is considered where the trends are modeled
by a 2nd order exponential function. These trends are consistent with the excess resources
shown in Figure 7.22. Here, H-NTP architectures allow for more Supplemental Missions
to be performed given that more ammonia is mined than the LANTR architectures. Both
trends tend to asymptote with the slight increasing attributed to curve fitting error.

Figure 7.23: Mars Opposition Supplemental Vehicle Effect on Number of Missions

Figure 7.24 shows the effect of economies of scale for the H-NTP and LANTR
architectures with and without the NH3Exp530-2850-Q Supplemental Vehicle. The
LANTR cost per mission is not significantly affected by the Supplemental Vehicle and the
trends tend to asymptote above 50 parallel missions. However, the H-NTP architecture cost
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per mission with the Supplemental Vehicle begins to increase significantly beyond
30 parallel missions due to the required Lunar launches and Earth launch costs to assemble
more NH3Exp530-2850-Q Supplemental Vehicles to perform in parallel due to high
amounts of excess ammonia. In this case, the costs of the NH3Exp530-2850-Q
Supplemental Vehicles are outweighed by the number of missions that they can provide.
If less than 30 parallel missions are considered for the H-NTP architecture, then the impact
on the cost per mission of incorporating the NH3Exp530-2850-Q Supplemental Vehicle is
negligible. Regardless of the number of parallel missions, the LANTR architectures will
always be more cost effective per mission than the H-NTP architectures. This result is
primarily due to the load on the infrastructure with the H-NTP infrastructure required to
mine more raw resources to obtain the required mass of hydrogen. The largest changes in
the cost per mission occur below 20 parallel missions. The inflection points that will be
considered for scoring are 1 parallel mission, 20 parallel missions, and 50 parallel missions
where the trends take their final form according to Figure 7.24.
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Figure 7.24: Mars Opposition Economies of Scale

Table 7.8 shows a best-on-best comparison between H-NTP and LANTR when
one parallel mission is considered and the NH3Exp530-2850-Q Supplemental Vehicle is
used to increase the number of missions and decrease the cost per mission for the H-NTP
architectures only. The LANTR missions minimize the cost per mission without the
Supplemental Vehicle for all parallel mission numbers. The score card shows that the total
number of missions parameter is not included since no architecture could utilize the
Supplemental Vehicle to increase the total number of missions. This is also reflected in the
total mission cost and cost per mission being the same since the total number of missions

199

is the same. The LANTR530 series scored the highest with the H-NTP architectures
scoring the lowest. However, the H2-530evenTP did not require an engine replacement
due to a shorter burn time resulting in a high score for the number of engine replacements.
Furthermore, the number of Lunar launches required is less for H-NTP than for the LANTR
architectures.

Table 7.8: Mars Opposition Infrastructure Score Card 1 Parallel Mission

Architecture
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6

# of
# of
# of
Total
Cost per
Engine
Infra.
Lunar
Mission
Mission
Repl. Elements Launches
Cost
0.00
0.00
100.00
0.00
0.00
0.00
100.00
100.00

7.89
7.89
0.00
0.00
97.37
97.37
94.74
100.00

100.00
100.00
93.75
93.75
0.00
0.00
0.00
6.25

35.68
35.69
30.21
0.00
68.86
72.31
67.78
100.00

35.68
35.69
30.21
0.00
68.86
72.31
67.78
100.00

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##

Table 7.9 shows the score card for 20 parallel missions. Here, the results are the
same as the previous consideration of 1 parallel mission with the LANTR530 architecture
scoring the highest. However, the total number of missions is now included as a parameter
and H-NTP scores high on this parameter due to the use of the Supplemental Vehicle.

200

However, since the Supplemental Vehicle also requires Lunar launches, the H-NTP
architectures score low on the number of Lunar launches parameter.

Table 7.9: Mars Opposition Infrastructure Score Card 20 Parallel Missions

Architecture

# of
Engine
Repl.

# of Infra.
Elements

# of
Lunar
Launches

Total #
of
Missions

Total
Mission
Cost

Cost
per
Mission

H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6

0.00
0.00
50.00
0.00
50.00
50.00
100.00
100.00

7.94
8.29
0.00
1.55
96.89
97.75
96.20
100.00

0.86
0.86
0.00
0.00
99.14
99.14
99.14
100.00

100.00
100.00
100.00
100.00
0.00
0.00
0.00
0.00

9.89
10.30
0.00
1.33
97.93
100.00
96.51
96.19

15.26
15.90
0.00
2.06
96.48
100.00
94.07
93.52

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##

Table 7.10 shows the score card for 50 parallel missions which solidifies the
LANTR as the preferred propulsion system for the Mars Opposition mission. As the
number of parallel missions increased as was shown in Table 7.8 through Table 7.10, the
LANTR architectures scored higher as economies of scale set in. However, just as in the
results in Table 7.9, due to the use of a Supplemental Vehicle, the H-NTP architectures
scored higher in terms of the total number of missions possible with their infrastructure.
Both H-NTP and LANTR architectures fall within the optimum Isp logarithmic interval of
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Table 6.5 for the Mars Opposition mission according to the IREE. Therefore, the IREE
cannot successfully predict the best propulsion system for a mission if their payload to dry
mass ratio curve falls within a logarithmic interval and a more detailed analysis is needed.

Table 7.10: Mars Opposition Infrastructure Score Card 50 Parallel Missions

Architecture
H2-330evenTP
H2-330maxT
H2-530evenTP
H2-530maxT
LANTR330evenTP6
LANTR330maxT6
LANTR530evenTP6
LANTR530maxT6

# of
# of
# of
Total #
Total
Engine
Infra.
Lunar
of
Mission
Repl. Elements Launches Missions
Cost
16.67
7.90
17.55
90.91
18.13
16.67
8.25
17.55
90.91
18.48
16.67
0.00
0.00
100.00
0.00
0.00
1.47
0.00
95.45
0.99
83.33
97.00
99.73
0.00
94.58
83.33
97.76
99.73
0.00
95.95
100.00
96.37
99.73
0.00
93.49
100.00
100.00
100.00
0.00
100.00

Cost
per
Mission
21.39
21.86
0.78
0.00
91.81
93.89
90.17
100.00

Legend
33.33%>##.##
66.66%> ##.## >33.33%
66.66%<##.##

7.4.4 Results Summary
Although the CLPA study considered the mining tents and purification/separation
units linearly scalable with a linear production cost after the developmental costs have been
incurred [2], other elements were assumed to follow the cost power functions of NAFCOM
[70]. These elements include engines, vehicles, KRUSTY, electrolyzers and Sabatier units.
Therefore, when the infrastructure grows and/or multiple vehicles are considered to
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perform simultaneous missions, economies of scale can be realized and the total cost per
mission can be expected to decrease with an increasing number of missions as was shown
in Figure 7.13 for the LADV, Figure 7.19 for the Mars Conjunction mission, and Figure
7.24 for the Mars Opposition Mission.
The cost per mission for the Main Mission Vehicle 𝐶𝑀𝑀𝑉 is shown in Eq. ((7.3)
which is based on the cost calculation methodology presented in Section 3.3 and
graphically represented in Figure 3.2. Here, 𝐶𝐼𝑛𝑓𝑟𝑎 is the total cost of the infrastructure that
supports the propellant production for the Main Mission Vehicle only. This cost includes
launch vehicles that ferry the infrastructure elements to the Lunar surface. 𝐶𝑉 𝑀𝑀𝑉 and
𝐶𝐸 𝑀𝑀𝑉 are the total costs of the Main Mission Vehicle and engines including the associated
launch vehicle costs. 𝐶𝐿𝐴𝐷𝑉 𝑀𝑀𝑉 is only applicable to vehicles parked in LDRO (Mars
missions and not the LADV) and is the total cost to launch all the LADV vehicles to retank
the parked Main Mission Vehicles throughout the life of the architecture including all costs
associated with the infrastructure required to support the LADV vehicles. 𝑛𝑀𝑀𝑉 is the
number of missions that the Main Mission Vehicle provides throughout the life of the
architecture.

𝐶𝑀𝑀𝑉 =

𝐶𝐼𝑛𝑓𝑟𝑎 + 𝐶𝑉 𝑀𝑀𝑉 + 𝐶𝐸 𝑀𝑀𝑉 + 𝐶𝐿𝐴𝐷𝑉 𝑀𝑀𝑉
𝑛𝑀𝑀𝑉

(7.3)

Similarly, Eq. (7.4) provides the cost per mission for the Supplemental Vehicle 𝐶𝑆𝑉
where the same cost variables are used as in Eq. (7.3), but with the subscript MMV replaced
by SV indicating that these costs are now associated with the Supplemental Vehicle only.
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A key distinction between Eq. (7.3) and Eq. (7.4) is that 𝐶𝐼𝑛𝑓𝑟𝑎 is absent from Eq. (7.4)
since the Supplemental Vehicle uses only the excess resources left-over from In-Situ
propellant production for the Main Mission Vehicle. Therefore, no additional infrastructure
is required to support the Supplemental Vehicle except for the additional costs incurred by
using the LADV to retank the parked Supplemental Vehicle in LDRO. This is consistent
with the Level 1 infrastructure definition.

𝐶𝑆𝑉 =

𝐶𝑉 𝑆𝑉 + 𝐶𝐸 𝑆𝑉 + 𝐶𝐿𝐴𝐷𝑉 𝑆𝑉
𝑛𝑆𝑉

(7.4)

The lower Isp of A-NTP engines results in more LADV launches for supporting the
Supplemental Vehicles than required for supporting the Main Mission Vehicles. However,
this does not necessarily mean that it is never advantageous to use A-NTP Supplemental
Vehicles. The breakeven point occurs when 𝐶𝑀𝑀𝑉 = 𝐶𝑆𝑉 . Therefore, if 𝑪𝑴𝑴𝑽 > 𝑪𝑺𝑽 , it is
preferrable to include a Supplemental Vehicle in the architecture from a cost per mission
standpoint, otherwise, it is more cost effective to vent the excess resources and only use
the Main Mission Vehicle to perform the missions. If the Supplemental Vehicle is included
in the architecture, then the final cost per mission of the entire architecture 𝐶𝑚𝑖𝑠𝑠 is given
by Eq. (7.5).

𝐶𝑚𝑖𝑠𝑠 =

𝐶𝐼𝑛𝑓𝑟𝑎 + 𝐶𝑉 𝑀𝑀𝑉 + 𝐶𝐸 𝑀𝑀𝑉 + 𝐶𝐿𝐴𝐷𝑉 𝑀𝑀𝑉 + 𝐶𝑉 𝑆𝑉 + 𝐶𝐸 𝑆𝑉 + 𝐶𝐿𝐴𝐷𝑉 𝑆𝑉
𝑛𝑀𝑀𝑉 + 𝑛𝑆𝑉
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(7.5)

The cost per mission is not the only parameter to consider when deciding on an
architecture as other factors such as the total cost of the architecture, the total number of
missions, size of the infrastructure (number of infrastructure elements), number of engine
replacements, and number of LADV launches could also play a large role. The score card
analysis presented in this chapter assumes equal weights among all these parameters. It is
up to the mission designer to determine which parameters deserve to have higher weights.
Nevertheless, if there is enough propellant to support a Supplemental Vehicle that will
perform the same mission as the Main Mission Vehicle, then the total number of missions
performed by the architecture will always increase.
7.5 Infrastructure Conclusions
The IREE is meant to predict a range of Isp values within which a propulsion system
can maximize the use of the specific energy and maximize the payload to dry mass ratio
for a given ΔV. However, the predictions of the IREE go further than that as they have also
shown to predict a range of Isp values that could have the potential to reduce the cost of the
infrastructure by maximizing the use of the vehicle energy for greater reusability.
Therefore, the IREE could be useful in a 1st order infrastructure and mission analysis to
help determine the propulsion systems that should be evaluated further. However, the IREE
cannot predict a single propulsion system that that will yield the highest score based on the
parameters used for evaluation in this chapter.
This is evidenced by the LANTR engines resulting in the common overall highest
performing propulsion systems across all the considered missions as their Isp falls within
all logarithmic intervals for optimum Isp. The LANTR330maxT6 performs the highest for
the LADV. Although both H2+LOX Chemical and LANTR architectures marginally
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benefit from the Supplementary Vehicle, both result in the highest performing propulsion
systems for the Mars Conjunction missions with LANTR scoring the highest across all
parallel mission considerations. The LANTR530 series resulted in the highest performing
propulsion system for the Mars Opposition mission for all considered parallel missions
even though the H-NTP architectures benefitted from the ammonia A-NTP Supplemental
Vehicle.
Although ammonia vehicle performance is the best of the considered A-NTP
engines, the required infrastructure is expensive. This is due to the relative scarcity of
ammonia in the Lunar regolith and the required energy to mine the required volume of
volatiles to obtain the required ammonia mass. Future work should look at decreasing the
cost of producing the required electrical energy on the Lunar surface.
For architectures that rely on Lunar launches, the Isp of the chosen propulsion
system should minimize the number of Lunar launches to lower the cost per mission. If
parallel missions are conducted, ammonia will build up and an ammonia A-NTP
Supplemental Vehicle could be used to increase the total number of missions without
impacting the infrastructure. Water A-NTP Supplemental Vehicles could decrease the cost
per mission if water is in excess and the mission ΔV is low enough for the cost of the Lunar
launches to not outweigh the benefits of adding this vehicle. In general, Supplemental
Vehicles based on A-NTP can decrease the cost per mission without impacting an existing
infrastructure provided that these resources are available in excess after the main mission
propellant has been processed and the required ΔV will not result in the cost of the Lunar
launches outweighing the benefits of an A-NTP Supplemental Vehicle.
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Therefore, these conclusions provide the answer to Research Question #3:
Research Question #3:
How are missions impacted by changing the propellant and what are the
implications to the mission architecture including the supporting
infrastructure when reusability is considered?
ANS:
Increasing the number of parallel missions will always decrease the cost
per mission when only a Main Mission Vehicle is considered due to
economies of scale.
Mission architectures that consider ammonia as a propellant for a Main
Mission Vehicle will result in an order of magnitude higher costs than other
propellants due to ammonia’s scarcity in the Lunar regolith.
Although mission architectures that consider water as the main propellant
score slightly higher than H-NTP in terms of the number of infrastructure
elements, to minimize the cost per mission, water should be electrolyzed and
used in the LANTR-based architectures instead as it is costly to retank Deep
Space Vehicles with a propellant that provides low Isp.
As long as mining operations occur and ammonia builds up as an excess
resource, if ammonia A-NTP Supplemental Vehicles are considered, the
total number of missions for a given infrastructure will increase. The cost
per mission will also decrease if the cost of the number of Lunar launches
does not exceed the cost reduction of additional missions.
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Now that Research Questions #2 and #3 have been answered, they will provide the
basis for the answer to Research Question #1 which asks, “How do the NTP propulsion
system limitations change with different propellants and how does the engine performance
impact mission cost, feasibility, and reusability?”
A-NTP engines onboard Supplemental Vehicles can increase the total number of
missions provided that the resources are available. All architectures of the LADV
benefitted from using the ammonia A-NTP Supplemental Vehicle in terms of both
increasing the total number of missions and decreasing the cost per mission. However,
given the amount of required Lunar launches by the LADV for supporting A-NTP Mars
missions, the reduction in the cost per mission varies as a function of the number of parallel
missions considered. Economies of scale drive the cost per mission down the most up to
10 parallel missions. The ammonia A-NTP Supplementary Vehicle reduces the cost per
mission for the Mars Conjunction mission for all architectures until about 50 parallel
missions when the single CH4+LOX Chemical and H-NTP architectures using the
Supplemental Vehicle become more expensive than the architectures using just the Main
Mission Vehicle. The use of a Supplemental Vehicle in the Mars Opposition mission
results in marginally higher costs than just using the Main Mission Vehicle but increases
the total number of missions by up to 14% for the H-NTP vehicles while only 4% for the
LANTR vehicles.
All this yields to the fact that as long as mining operations occur and ammonia builds
up as an excess resource, if ammonia A-NTP Supplemental Vehicles are considered, the
total number of missions for a given infrastructure architecture will increase. The benefit
of these supplemental vehicles substantially depends on the number of Lunar launches
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required with low ΔV missions benefitting the most as dictated by the IRE. Therefore,
when these conclusions are put together with the answers to Research Questions #2 and
#3, the answer to Research Question #1 becomes:
Research Question #1:
How do the NTP propulsion system limitations change with different
propellants and how does the engine performance impact mission cost,
feasibility, and reusability?
ANS:
Bleed cycle A-NTP engines are infeasible but do not have significantly
different performance from the expander cycle A-NTP engines.
At low ΔV, water A-NTP infrastructures are comparable to H-NTP
infrastructures while ammonia A-NTP infrastructures are the costliest
given the scarcity of ammonia.
As mining occurs on the Moon, ammonia will always build up as an excess
resource and Supplemental Vehicles using the ammonia A-NTP engine can
increase the total number of missions for a given infrastructure. However,
the number of required Lunar launches to retank an A-NTP in-space vehicle
can drive the cost per mission up higher than just using a non-A-NTP main
mission vehicle, especially when high ΔV missions are considered.
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CHAPTER 8

CONCLUSION

8.1 Dissertation Conclusions
This research has explored different A-NTP engine architectures and performance
regimes as well as their impact on the vehicle performance and infrastructure requirements.
H-NTP engines were modeled in Simulink and validated by comparison against both AR
PBM and NERVA XE Prime engine performance data. A-NTP bleed and expander cycle
engines were modeled in Simulink and used the same components from the validated
H-NTP models but with different parameters and flow schedules which were then validated
by a panel of subject matter experts. The vehicle performance analysis used transient
engine performance data extracted from the Simulink engine models and the code was
validated by comparison against AR vehicle performance metrics. The infrastructure
element parameters were used from the literature directly and NAFCOM was used
extensively to estimate the cost of the infrastructure using a Level 1 approach.
The research question that was identified by the literature review was “How do the
NTP propulsion system limitations change with different propellants and how does the
engine performance impact mission cost, feasibility, and reusability?” and constituted
Research Question #1. Two other research questions had to be asked to provide the data to
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answer Research Question #1. Research Question #2 addressed the engine architecture by
asking, “What are the engine architectures and operation parameters for each propellant
that will maximize the use of the U-235 energy resource?” The resulting engine
performance data was then used to answer Research Question #3 which asked, “How are
missions impacted by changing the propellant and what are the implications to the mission
architecture including the supporting infrastructure when reusability is considered?”
The answers to these research questions were:
(2) What are the engine architectures and operation parameters for water and ammonia
that will maximize the use of the U-235 energy resource?
Bleed cycles are infeasible as chamber temperatures (1400 K to 2550 K) exceed
current turbine material limitations [142,146,147,150]. Expander cycles have acceptable
turbine inlet temperatures (600 K to 950 K) since materials such as Nimonic Alloy 90 have
creep resistance up to 1200 K [142]. Bleed and Expander cycle A-NTP engines do not have
significant performance differences (below 5% differences [151]) in the thrust classes
analyzed. Operating A-NTP engines at Q can increase the thrust from the baseline by at
least 100% for water and 70% for ammonia from the H-NTP baseline. T and E also get
closer together as Q̇ increases. A-NTP expander cycles require higher pressures and result
in up to 10% mass growth from H-NTP baselines. Ammonia expander cycle A-NTP
engines perform the best of all considered A-NTP engines in terms of Isp and engine life,
but water A-NTP engines perform better in terms of thrust. The full characterization of
engine parameters is in Appendix H.
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(3) How are missions impacted by changing the propellant and what are the implications
to the mission architecture including the supporting infrastructure when reusability is
considered?
Increasing the number of parallel missions will always decrease the cost per
mission when only a main mission vehicle is considered due to economies of scale. Mission
architectures that consider ammonia as a propellant for a Main Mission Vehicle will result
in an order of magnitude higher costs than other propellants due to ammonia’s scarcity in
the Lunar regolith. Although mission architectures that consider water as the main
propellant score slightly higher than H-NTP in terms of the number of infrastructure
elements, to minimize the cost per mission for this volatile, water should be electrolyzed
and used in the LANTR based architectures instead. As long as mining operations occur
and ammonia builds up as an excess resource, if ammonia A-NTP supplemental vehicles
are considered, the total number of missions for a given infrastructure will increase. The
cost per mission will also decrease if the cost of the number of Lunar launches does not
exceed the cost reduction of additional missions.
(1) How do the NTP propulsion system limitations change with different propellants and
how does the engine performance impact mission cost, feasibility, and reusability?
Bleed cycle A-NTP engines are infeasible but do not have significantly different
performance from the expander cycle A-NTP engines. At low ΔV, water A-NTP
infrastructures are comparable to H-NTP infrastructures while ammonia A-NTP
infrastructures are the costliest given the scarcity of ammonia. As mining occurs on the
Moon, ammonia will always build up as an excess resource and Supplemental Vehicles
using the ammonia A-NTP engine can increase the total number of missions for a given
212

infrastructure. Due to the lower Isp of A-NTP engines, the propellant mass will be higher
and will drive up the number of required Lunar launches to retank an A-NTP in-space
vehicle. This can drive the cost per mission up higher than just using a non-A-NTP Main
Mission Vehicle, especially when high ΔV missions are considered. The breakeven point
is when the cost per mission performed by the Supplemental Vehicle which includes the
vehicle, engines, and lunar launch costs, is equal to the cost per mission performed by the
Main Mission Vehicle which includes the infrastructure, vehicle, engines, and lunar launch
costs.
Thus, a mission architecture and infrastructure should not be based on A-NTP due
to the high resulting strain on mining the raw Lunar resources. Instead, ammonia expander
cycle A-NTP engines should be used on a Supplemental Vehicle for medium to low ΔV
mission architectures while water is processed into higher performing propellants for high
ΔV missions.
The results presented in this research were consistent with the optimal Isp
predictions of the IREE. This suggests that the IREE can be used as a tool for a mission
designer to filter propulsion systems based on their Isp and mission parameters. However,
this will only provide first order predictions and further analysis will be needed to
determine the best engine(s) for the mission architecture and supporting infrastructure.
8.2 Future Research
A Level 1 approach to the infrastructure design was used in this research. Therefore,
future research should analyze a Level 2 infrastructure approach which will likely yield
different results and will use the excess Lunar resources more effectively. Furthermore,
future research also needs to establish the criteria that must be optimized such as
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minimizing the cost per mission or maximizing the total number of missions. The score
card criteria in this research assumed equal weights for all KPPs and future research could
weight the scores differently and reanalyze the results of this research.
Variable thrust was considered during startup and shutdown events for NTP engines
as well as a small thrust increase due to total power increase during steady state as the
decay heat in the reactor increases. However, different thrust levels for different parts of
the mission were not considered. Therefore, future research will need to consider different
thrust levels and how they will impact the vehicle trajectory as well as the engine life and
the resulting number of missions per engine block.
This research has shown that water A-NTP was slightly more advantageous than
H-NTP for the Mars Conjunction mission which had the lowest ΔV of all considered
missions of 4223 m/s [26]. Zuppero’s work suggested that water A-NTP engines are
advantageous for very low ΔV missions (<2000 m/s) and considered substantial use of
in-space propellant depots [10]. Therefore, future research should use the engine
performance metrics of this research and apply them to low ΔV missions outside of
NASA’s Artemis program which will consider the use of these depots. The supporting
infrastructure should also be considered for these missions since, as shown in this research,
the Lunar launches make up a large part of the cost per mission. Future research should
also compare the use of water, ammonia, and higher performance propulsion systems with
and without in-space propellant depots.
Only Lunar ISRU was considered for the current research since the context was
NASA’s Artemis program. Future research should consider ISRU on other terrestrial
bodies and the impacts from A-NTP engines. Zuppero proposed utilizing the resources
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found on Mars’ natural satellites Phobos and Deimos due to their low gravity and high
water content [10].
Experimental work could also be conducted to help better understand ammonia
dissociation and SiC recession rates. The current research considered negligible ammonia
dissociation at the considered temperatures as the literature stated that the dissociation of
ammonia is only substantial at temperatures above 3000 K for thermal engines [88].
However, the work that stated this was analytical and an experiment should be conducted
to test ammonia dissociation in tubes at high velocities and within the temperature range
of ammonia A-NTP engines between 2300 K and 2600 K.
The SiC recession rates were only found in literature for up to 1400 K from
experiments and at 2400 K from analytical work. No recession rate data for the conditions
of water A-NTP engines were found in the literature between 1400 K and 2400 K.
Therefore, either an experiment or analytical study should be conducted to determine the
SiC recession rates at mass flow rates and pressures found in the water A-NTP engine and
between temperatures of 1400 K and 2400 K.
An ammonia dissociation experiment will also need to be considered as nitrogen
has proven to be reactive at temperatures above 2300 K while the onset of ammonia
dissociation begins at 1100 K suggesting that nitrogen atoms will be present inside the core
at the A-NTP temperatures. The extent to which these nitrogen atoms will react with the
cladding and fuel elements is unclear and an experiment must be conducted which will
examine the effects of ammonia thermal dissociation inside fuel element channels at flow
rates, temperatures, and pressures of A-NTP engines.
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APPENDIX A
Launch Vehicles
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A.1 SpaceX Falcon Series

Figure A.1: SpaceX Falcon 9 and Falcon Heavy Payload Fairing Dimensions [44]

Table A.1: SpaceX Falcon 9 [44]
SpaceX Falcon 9
Recoverable Expendable
Payload to LEO
16800
22800
Payload to GTO
5800
8300
Payload to LDHEO
4000
6000
Fairing Diameter
4.6
Fairing Height
11
Fairing Height at Diameter
6.7
Cost per Launch
$50 million $62 million
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kg
kg
kg
m
m
m

Table A.2: SpaceX Falcon Heavy [44]
SpaceX Falcon Heavy

Payload to LEO
Payload to GTO
Payload to LDHEO
Fairing Diameter
Fairing Height
Fairing Height at Diameter
Cost per Launch

Recoverable
18000 to 28400
7600 to 12000
5200 to 9000

$90 million

Partially
Recoverable
57400
24000
18700
4.6
11
6.7
$105 million

Expendable
63800 kg
26700 kg
20800 kg
m
m
m
$150 million

A.2 Blue Origin New Glenn
There is currently no information on the cost per launch for Blue Origin’s New
Glenn launch vehicle. The cost per launch in Table A.3 was approximated by using
SpaceX’s LEO payload masses for recoverable launches and the costs associated with
those payloads. The LEO payload value for New Glenn was then linearly extrapolated.
Should there be more data points on cost and payload mass for recoverable vehicles, then
this value could be better approximated.
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Figure A.2: Blue Origin New Glenn Payload Fairing Dimensions [45]

Table A.3: Blue Origin New Glenn [45]
Blue Origin New Glenn
Payload to LEO
45000
Payload to GTO
13600
Payload to LDHEO
8600
Payload Fairing Diameter
6.35
Payload Fairing Height
17.8
Payload Fairing Height at Diameter
10.7
Cost per Launch
$130 million
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kg
kg
kg
m
m
m
(extrapolated)

A.3 NASA SLS Block 2 Cargo

Figure A.3: NASA SLS Payload Fairing Dimensions [46]

Table A.4: NASA SLS Block 2 Cargo [46]
NASA SLS Block 2 Cargo
Payload to LEO
Payload to GTO
Payload to LDHEO
Payload Fairing Diameter
Payload Fairing Height
Payload Fairing Height at Diameter
Cost per Launch

221

130000
70800
46800
9.11
27.43
19.11
$1.6 billion

kg
kg
kg
m
m
m
[158]

APPENDIX B
Ideal Rocket Energy Equation Derivation
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The derivation of the Ideal Rocket Energy Equation (IREE) begins with the Ideal
Rocket Equation (IRE) (Eq. (B.1)). The total energy that is provided by the propulsion
system during the entire mission is defined by 𝐸𝑡𝑜𝑡 which is related to the total burn time
𝑡𝑏 , propellant mass flow rate 𝑚̇, and the propellant exit velocity 𝑉𝑒 as shown in the kinetic
energy equation (Eq. (B.2)). Here, when integrated with respect to 𝑡𝑏 , the total energy is
defined by the total propellant mass 𝑚𝑝𝑟𝑜𝑝 and 𝑉𝑒 . Furthermore, 𝑉𝑒 can be substituted by
𝐼𝑠𝑝 𝑔𝑜 to obtain the same terms as shown in the IRE in Eq. (B.1). Rearranging to solve for
𝑚𝑝𝑟𝑜𝑝 results in Eq. (B.3).
𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑚𝑝𝑟𝑜𝑝
∆𝑉 = 𝐼𝑠𝑝 𝑔𝑜 ln [
]
𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
𝑡𝑏

𝐸𝑡𝑜𝑡 = ∫
0

(B.1)

1
1
1
1
2
𝑚̇𝑉𝑒2 𝑑𝑡 = 𝑚̇𝑉𝑒2 𝑡𝑏 = 𝑚𝑝𝑟𝑜𝑝 𝑉𝑒2 = 𝑚𝑝𝑟𝑜𝑝 (𝐼𝑠𝑝 𝑔𝑜 )
2
2
2
2

𝑚𝑝𝑟𝑜𝑝 =

2𝐸𝑡𝑜𝑡
(𝐼𝑠𝑝 𝑔𝑜 )

(B.2)

(B.3)

2

Substituted for 𝑚𝑝𝑟𝑜𝑝 in Eq. (B.1) with Eq. (B.3) results in Eq. (B.4) which is a
form of the Ideal Rocket Energy Equation (IREE) the relates the 𝐸𝑡𝑜𝑡 instead of 𝑚𝑝𝑟𝑜𝑝 to
the ∆𝑉 produced. To obtain the expression which relates the payload to dry mass ratio
𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
𝑚𝑑𝑟𝑦

to the other parameters in Eq. (B.4), further algebraic manipulation is necessary.

𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 +
∆𝑉 = 𝐼𝑠𝑝 𝑔𝑜 ln

2𝐸𝑡𝑜𝑡
(𝐼𝑠𝑝 𝑔𝑜 )

2

(B.4)

𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
[

]
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The exponential is taken of each side of the equation to eliminate the natural log
and isolate the mass and energy terms as shown in Eq. (B.5).

∆𝑉
exp (
)=
𝐼𝑠𝑝 𝑔𝑜

𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 +

2𝐸𝑡𝑜𝑡
(𝐼𝑠𝑝 𝑔𝑜 )

2

(B.5)

𝑚𝑑𝑟𝑦 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑

Eq. (B.5 is then solved for 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 with the result shown in Eq. (B.6).
2𝐸𝑡𝑜𝑡
𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑

2

(𝐼𝑠𝑝 𝑔𝑜 )
=
− 𝑚𝑑𝑟𝑦
∆𝑉
exp (𝐼 𝑔 ) − 1
𝑠𝑝 𝑜

(B.6)

A specific energy term 𝐸𝑠𝑝 is defined by Eq. (B.7) and is used to replace 𝐸𝑡𝑜𝑡 in
Eq. (B.6). Eq. (B.6) is divided by 𝑚𝑑𝑟𝑦 and the final form of the IREE is presented in
Eq. (B.8).

𝐸𝑠𝑝 =

𝐸𝑡𝑜𝑡
→ 𝐸𝑡𝑜𝑡 = 𝐸𝑠𝑝 𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

(B.7)

2𝐸𝑠𝑝
2

𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑
(𝐼𝑠𝑝 𝑔𝑜 )
=
−1
∆𝑉
𝑚𝑑𝑟𝑦
𝑒𝑥𝑝 (𝐼 𝑔 ) − 1
𝑠𝑝 𝑜

(B.8)

By using Eq. (B.8), the 𝐸𝑠𝑝 of a propulsion system, and the ∆𝑉 map shown in Figure
B.1, the payload to dry mass ratio can be calculated at various 𝐼𝑠𝑝 values to yield the
optimum 𝐼𝑠𝑝 value for the mission being designed.
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Figure B.1: ΔV Map [71]
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APPENDIX C
Analytical Formulations
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C.1

Review of Compressible Flow Equations
Compressible flow equations are derived from isentropic relations. This assumption

is acceptable as nozzle efficiencies are usually between 95% to 99% [159]. The isentropic
relations from thermodynamics for the temperature, pressure, and density are shown in
Eq. (C.1) through (C.3), respectively, where the x subscript represents that value at the x
length along the nozzle. The Mach number can be determined by solving the transcendental
area ratio Eq. (C.4) numerically. The maximum mass flow rate through the de Laval
Nozzle, shown in Eq. (C.5), occurs when the flow is chocked which happens at the throat
denoted by the “*” superscript. The 𝐼𝑠𝑝 and thrust equations are shown in Eq. (C.6) and
(C.7), respectively, where 𝜂𝑛𝑜𝑧 is the nozzle efficiency. Because the ideal gas fails to
correctly model steam, an opensource program CoolProp [32] will be used to determine
both the ratio of specific heats 𝛾 and the local speed of sound 𝑎. [123]

𝑇0
𝛾−1 2
=1+
𝑀𝑒
𝑇𝑒
2

(C.1)
𝛾

𝑃0
𝛾 − 1 2 𝛾−1
= (1 +
𝑀𝑥 )
𝑃𝑥
2

(C.2)

1

𝜌0
𝛾 − 1 2 𝛾−1
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(C.4)
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𝛾
2 2(𝛾−1)
𝑚̇ = 𝑃0 𝐴∗ √
∙(
)
ℜ𝑇0 𝛾 + 1
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1
2𝛾 ℜ
𝑇𝑒
𝐹
√
𝑇0 (1 − ) =
𝑔0 𝛾 − 1 𝑚𝑤
𝑇0
𝑚̇𝑔0

𝐹 = 𝜂𝑛𝑜𝑧 [𝑚̇𝑣𝑒 + (𝑃𝑒 − 𝑃𝑎 )𝐴𝑒 ] = 𝜂𝑛𝑜𝑧 [𝑚̇𝑎𝑒 𝑀𝑒 + (𝑃𝑒 − 𝑃𝑎 )𝐴𝑒 ]

C.2

(C.5)

(C.6)

(C.7)

Fluid Flow Through Tubes
Heat transfer in the nuclear reactor occurs in the control drums, moderator block,

and fuel elements, all of which incorporate tubes with small diameters relative to the tube
length. The heat deposition curves are known from BWXT’s parameters and the
temperature of the fluid at any position along the tube can be determined by adding the
heat to the fluid enthalpy as it flows along the tube. However, the surface temperature,
maximum fuel temperature (when applicable), and pressure losses require the knowledge
of the flow conditions. When coupled with the wide fluid pressure and temperature ranges
characteristic of NTP engines, variable properties must be implemented. This can be done
by splitting the tube into a one-dimensional grid and solving for the temperatures and
pressures of each node in a 1st order upwind scheme propagation throughout the tube while
the fluid properties are reevaluated at each node based on the previous node’s exit
conditions. Since transient and steady state analysis is desired for this study and both
ammonia and water critical temperatures and pressures are much higher than that of
hydrogen, single-phase and two-phase flow calculations must be implemented in the
appropriate flow regimes.
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C.2.1 Single-Phase Flow
C.2.1.1 Single-Phase Convective Heat Transfer
Convective heat transfer is the mode of transferring heat involving fluids. The
information in this section was taken from Mills’ Heat Transfer textbook [141]. Newton’s
law of cooling is the most common equation used to express convective heat transfer and
is shown in Eq. (C.8). In this equation, 𝑄̇ is the rate of heat transfer, 𝐴𝑠 is the surface area,
𝑇𝑠 is the surface temperature, and 𝑇∞ is the environmental or fluid temperature. Another
equation that is important to convective heat transfer is the heat absorption at constant
pressure shown in Eq. (C.9) where 𝑐𝑝 is the specific heat of the fluid at constant pressure.
𝑄̇ = ℏ𝐴𝑠 (𝑇𝑠 − 𝑇∞ )

(C.8)

𝑄̇ = 𝑚̇𝑐𝑝 ∆𝑇

(C.9)

The convective heat transfer coefficient ℏ was historically set as some value by
Isaac Newton as he could not find a correlation for it during his time. Since then, this
coefficient has had many interpretations and formulations ranging from expressions for
laminar flow of inviscid fluids in smooth ducts to turbulent flow of viscous fluid through
rough ducts. Since in rocket engine ducts the flow is often turbulent, the ducts are not
ideally smooth and have bends, and the fluids involved are very much viscous, the
Gnielinski correlation for the convective heat transfer coefficient will be used for single
phase flow and is displayed as Eq. (C.10). This correlation is valid for Reynolds numbers
between 3000 and 5 × 106 and the flow conditions are not expected to go beyond these
bounds in this research. Here, the hydraulic diameter 𝐷ℎ𝑦𝑑 is used and is defined in
Eq. (C.11) where 𝒫 is the perimeter. This is different from the equivalent diameter which
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is shown in Eq. (C.12) for reference and is based solely on the flow geometry. Due to the
consideration of flow channel roughness and the desire for a closed form solution for fast
computations, Wood’s empirical correlation for the friction factor 𝑓 will be used and is
seen in Eq. (C.13) [160]. For reference, the Reynolds number and the Prandtl number are
shown in Eq. (C.14) and (C.15), respectively. [141]

𝐾
ℏ=
𝐷ℎ𝑦𝑑

𝑓
8 𝑃𝑟(𝑅𝑒 − 1000)
⁄
𝑓 12
1 + 12.7 (8) (𝑃𝑟 2⁄3 − 1)
4𝐴𝑐
𝒫

(C.11)

4𝐴𝑐
𝐷𝑒𝑞 = √
𝜋

(C.12)

𝐷ℎ𝑦𝑑 =

0.225

𝜀
𝑓 = 0.094 (
)
𝐷ℎ𝑦𝑑

𝑅𝑒 =

(C.10)

+ 0.53

𝜀
𝐷ℎ𝑦𝑑

+

88 (𝐷

𝜀

ℎ𝑦𝑑

𝑅𝑒

0.44

)

𝜀 0.134
)
1.62(
𝐷ℎ𝑦𝑑

inertial forces 𝑉𝐷ℎ𝑦𝑑 𝜌𝑉𝐷ℎ𝑦𝑑
4𝑚̇
=
=
=
viscous forces
𝜈
𝜇
𝜋𝜇𝐷ℎ𝑦𝑑

𝑃𝑟 =

𝜇𝑐𝑝
viscous diffusion rate
𝜈
=
=
thermal diffusion rate 𝜌𝐾
𝐾
𝑐𝑝

(C.13)

(C.14)

(C.15)

The primary method of heat transfer in a NTP engine is through fuel element
channels or tubes. The goal of the calculation is to find the exit temperature coming from
a tube. Analytical formulations depend on either assuming constant surface heat flux or
constant surface temperature, neither of which are true in the NTP reactor. However, the
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complex heat transfer and surface temperature curves characteristic of any nuclear reactor,
as were discussed in Section C.2, can be broken down into a finite number of segments
along the flow channel. In these segments, the constant surface heat flux or constant surface
temperature assumptions will result in negligible error provided that enough segments are
used to capture the general power and surface temperature trends. Furthermore, the fluid is
assumed to be hydrodynamically fully developed as it has flown through tubes up to
entering the primary heating regions. Moreover, the thermal development region can be
neglected since all the considered flow channels have a length much greater than the flow
diameter [61,141].

C.2.1.2 Supersonic Nozzle Flow Convective Heat Transfer
A closed form correlation for the convective HTC for supersonic flow inside the
nozzle is provided by the Bartz correlation shown in Eq. (C.16). Here, 𝐷𝑡 is the throat
diameter, 𝑟𝑐 is the throat radius of curvature, and 𝜎 is the film coefficient with its expression
shown in Eq. (C.17). Eq. (C.17) depends on the exponent s of the Power-Law Force
Equation shown in Eq. (C.18) which correlates the viscosity at a temperature of interest to
a reference viscosity 𝜇0 at a reference temperature 𝑇𝑟𝑒𝑓 . Eq. (C.18) assumes perfect
viscosity behavior of a gas with respect to its temperature according to the s exponent
which seldom happens with polyatomic species. Therefore, the s exponent is determined
at each iteration with 𝑇𝑟𝑒𝑓 from the previous iteration and 𝑇𝑥 from the current iteration.
[124]
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(C.16)
𝑠 −1
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𝑀 ] }
2

(C.17)

𝑠

(C.18)

C.2.1.3 Single-Phase Pressure Losses
Pressure losses occur in two main structures in any liquid rocket engine which are
the turbines of the turbopumps and the ducts connecting various components of the engine.
The turbines usually have a set operating pressure ratio while the pressure losses inside the
ducts depend on duct diameter, duct length, mass flow rate, internal roughness, duct bends,
and fluid viscosity. The pressure loss in a cylindrical duct is described by putting the
Darcy-Weisbach frictional pressure losses and momentum pressure losses together as
shown in Eq. (C.19). The friction factor that is used is Wood’s correlation which is the
same as in Eq. (C.13). The friction factor is a function of the Reynold’s number as well as
the duct roughness or 𝑓 = 𝑓(𝑅𝑒, 𝜀). Since most rocket engines deal with a mass flow rate
rather than fluid velocity, the pressure loss equation as well as the Reynold’s number is
written in terms of mass flow rate to be more readily applicable as
4𝑚̇

4𝑚̇
𝜋𝜇𝐷

. The velocity 𝑉 is

also written in terms of mass flow rate 𝑉 = 𝜌𝜋𝐷2. Therefore, Eq. (C.19) can be expanded
and is shown as Eq. (C.20).

232

𝜌𝐿𝑉 2 𝜌 2
∆𝑃 = 𝑓
+ (𝑉𝑒 − 𝑉𝑖2 )
2𝐷ℎ𝑦𝑑 2
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𝜀
∆𝑃 = 2 [0.752 (
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𝐷ℎ𝑦𝑑
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(C.19)

𝜀
𝐷ℎ𝑦𝑑
(C.20)
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𝜀
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)
𝐷ℎ𝑦𝑑

𝜀 0.134
𝜋𝜇𝐷ℎ𝑦𝑑 1.62(𝐷)

(

4𝑚̇

)

]

𝐿𝑚̇2
𝜌
+ (𝑉𝑒2 − 𝑉𝑖2 )
5
𝜌𝐷ℎ𝑦𝑑 2

Eq. (C.20) shows that the duct pressure loss is highly dependent on the mass flow
rate and, even more so, on the inverse of the duct diameter followed by the inverse of
density. The effect of fluid viscosity on duct pressure loss primarily depends on the ratio
between the duct roughness to duct diameter and on the inverse of the mass flow rate.
C.2.2 Two-Phase Flow
C.2.2.1 Two-Phase Convective Heat Transfer
Since fluids like water and ammonia are considered in this study along with
transient analysis, it is very possible that boiling, or phase change, will occur along a flow
channel at some time during the analysis. Therefore, it is important to review the
convective heat transfer coefficient for a two-phase flow. Figure C.1 shows a schematic of
flow patterns in a vertical evaporator tube. In the initial single-phase region, the liquid is
heated to the saturation temperature. Further up the tube, the superheat exceeds that
required for boiling inception, and nucleate boiling produces a bubbly flow region. With
further vapor production, the bubbles come together to form a slug flow region, which
further up the tube, gives way to annular flow. Depletion of the liquid film by evaporation
and entrainment causes the film to dry out. The remaining droplets evaporate slowly until
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a single-phase vapor flow is achieved. [141] From the temperature diagram of Figure C.1,
it can be expected that the net convective heat transfer coefficient for the boiling regime
will be higher than that of the single-phase flow. Therefore, wall temperature jumps are
expected to occur before the fluid reaches the saturation temperature and after the “dryout”
region. [120,161]

234

Figure C.1: Regions of Heat Transfer in Convective Boiling [161]
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A two-phase convective heat transfer coefficient ℏ 𝑇𝑃 correlation that is a good
compromise between simplicity and accuracy was proposed by V. Klimenko [117] and is
considered for this study. The first step is to determine whether nucleate boiling or film
evaporation is the dominant mode by evaluating Eq. (C.21). Here, x is the vapor quality
and G is the total mass velocity given by Eq. (C.22). If Φ < 1.6 × 104 , then nucleate
boiling dominates and ℏ 𝑇𝑃 is given by Eq. (C.23); if Φ > 1.6 × 104 , then film evaporation
dominates and ℏ 𝑇𝑃 is given by Eq. (C.24). For both Eq. (C.23) and (C.24), 𝐿𝑐 is the
characteristic length for two-phase forced convection and is defined in Eq. (C.25). In Eq.
(C.24), the Reynolds’ Number Re is not that of Eq. (C.14) but of Eq. (C.26) with V, the
two-phase characteristic velocity, defined in Eq. (C.27). Once the appropriate ℏ 𝑇𝑃 has been
found by either Eq. (C.23) or (C.24), it should then be combined with the single “all liquid”
phase ℏ𝐹𝐶 from Eq. (C.10) by using Eq. (C.28). In Eq. (C.21) through (C.28), all properties
must be evaluated at the saturated conditions. [117,141] The local acceleration term a in
Eq. (C.25) will be the acceleration of the vehicle with respect to the flow direction.
Therefore, if the flow is flowing in the same direction as the acceleration vector, then it
will be positive, otherwise, it will be negative.
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ℏ = (ℏ3𝐹𝐶 + ℏ3𝑇𝑃 )1⁄3

(C.28)

C.2.2.2 Two-Phase Pressure Losses
Two-phase pressure losses for flows inside tubes are the sum of three pressure loss
contributions: statis pressure loss ∆𝑃𝑠𝑡𝑎𝑡𝑖𝑐 , momentum pressure loss ∆𝑃𝑚𝑜𝑚 , and frictional
pressure loss ∆𝑃𝑓𝑟𝑖𝑐𝑡 . These three pressure losses can be summed to yield the total pressure
loss ∆𝑃𝑡𝑜𝑡 inside the tube as shown in Eq. (C.29). The analysis in this study uses the
separated flow model which considers the two phases to be artificially separated into two
streams, each flowing in its own tube. The areas of the two tubes are proportional to the
void fraction 𝜀. Numerous methods are available for predicting the void fraction. However,
a recommendation was made [116] to use the Steiner version [118] of the drift flux model
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of Rouhani and Axelsson [119] and this formulation is shown in Eq. (C.30). Here, x is the
vapor quality, 𝜎 is the surface tension, 𝐷 is the tube diameter, a is the magnitude of the
acceleration vector with respect to an inertial frame of reference (i.e., the vehicle), 𝜌𝐿 is the
liquid density, and 𝜌𝑉 is the vapor density.
∆𝑃𝑡𝑜𝑡 = ∆𝑃𝑠𝑡𝑎𝑡𝑖𝑐 + ∆𝑃𝑚𝑜𝑚 + ∆𝑃𝑓𝑟𝑖𝑐𝑡
𝜀=

(C.29)

𝑥
𝑥 1−𝑥
1.18(1 − 𝑥)[𝑎𝜎(𝜌𝐿 − 𝜌𝑉 )]0.25
𝜌𝑉 {[1 + 0.12(1 − 𝑥)] (𝜌 + 𝜌 ) +
}
2
𝑉
𝐿
𝑚̇𝑡𝑜𝑡
√𝜌𝐿

(C.30)

The static pressure loss is given in Eq. (C.31) where z is the position from the top
of a vertical tube and 𝜃 is the angle at which the tube is oriented with respect to the
acceleration vector. 𝜌𝑡𝑇𝑃 is the two-phase density defined in Eq. (C.32) where 𝜀 is the void
fraction and 𝜌𝐿 and 𝜌𝑉 are the liquid and vapor densities, respectively. [116] The static
pressure loss is neglected in the reactor as the vehicle acceleration is not expected to be
greater than 0.3 G’s [162] and the length of the reactor heating section [54,130] is too short
to have any significant hydrostatic pressure resulting in a pressure loss of no more than a
single pascal.
∆𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 𝜌𝑡𝑝 𝑧𝑎 cos 𝜃

(C.31)

𝜌𝑇𝑃 = 𝜌𝐿 (1 − 𝜀) + 𝜌𝑉 𝜀

(C.32)

The momentum pressure loss reflects the change in the kinetic energy of the flow
and is presented in Eq. (C.33). Here, it is seen that this equation depends on the inlet and
outlet vapor qualities as well as the associated fluid properties.
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∆𝑃𝑚𝑜𝑚 =
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𝜌𝐿 (1 − 𝜀) 𝜌𝑉 𝜀 𝑖

(C.33)

The Friedel correlation was used for the two-phase friction pressure loss as it works
well for tubes with very small diameters up to 4 mm [163]. This correlation utilizes a
two-phase multiplier Φ𝑓𝑟 which modifies the liquid-phase pressure loss ∆𝑃𝐿 to obtain the
friction pressure loss ∆𝑃𝑓𝑟𝑖𝑐𝑡 as shown in Eq. (C.34). ∆𝑃𝐿 can be obtained from the
Darcy-Weisbach pressure loss correlation as was shown in Eq. (C.19) and the total mass
flowing through the tube can be used in this correlation according to Friedel [163]. Wood’s
friction factor correlation [160] is used for the Darcy-Weisbach pressure loss correlation
since it is also catered toward tubes with roughness incorporated. The two-phase multiplier
Φ𝑓𝑟 is defined in Eq. (C.35) where the dimensionless factors Fr𝐻 (Eq. (C.36)), E
(Eq. (C.37)), F (Eq. (C.38)), and H (Eq. (C.39)) are utilized. The liquid Weber We𝐿 , that
is also used in determining the two-phase multiplier Φ𝑓𝑟 , is defined in Eq. (C.40). Both the
Fr𝐻 dimensionless factor and the liquid Weber We𝐿 use the homogenous density 𝜌𝐻 and it
is based on vapor quality as shown in Eq. (C.41). The dimensionless factor E uses friction
factors 𝑓𝐿 and 𝑓𝑉 for which Wood’s friction factor correlation [160] shown in Eq. (C.13)
can be utilized and are evaluated at the respective saturated liquid and vapor fluid
properties.
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C.2.3 Tube Surface Temperature
Once the HTC has been determined, the fluid, surface, and maximum fuel
temperatures (if applicable) can be determined. The calculations begin with determining
the surface temperature 𝑇𝑠 of the tube given a mean temperature 𝑇𝑚 , pressure, surface heat
flux, and diameter of the tube 𝐷. Since the surface temperature is the unknown variable,
the constant surface temperature approach is used. The schematic of the convective heat
transfer in a differential section of a tube with constant surface temperature for these inputs
is shown in Figure C.2.
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Figure C.2: Convective Heat Transfer in Differential Section of a Tube Schematic [61]

Given that the HTC has been calculated for either single-phase or two-phase flow,
Eq. (C.8) is the starting point for building the expression for the constant surface
temperature convective heat transfer. In this case, the surface area 𝐴𝑠 of the tube section
through which heat is transferred is simply 𝜋𝐷𝛿𝑥. However, since the mean fluid
temperature changes inside the tube, the 𝑇𝑠 − 𝑇∞ expression must yield an approximate
average temperature difference ∆𝑇𝑎𝑣𝑔 between the surface and mean fluid temperatures for
that length of tube. In the constant 𝑇𝑠 case, ∆𝑇𝑎𝑣𝑔 can be expressed approximately by the
logarithmic mean temperature difference ∆𝑇𝑙𝑚 as shown in Eq. (C.42) where 𝑇𝑖 is the inlet
mean temperature and 𝑇𝑒 is the exit mean temperature. 𝑇𝑒 is found from using the power
peaking curve provided by BWXT [54,130] and adding the allocated heat to the enthalpy
of the fluid located in the considered a single differential section of the tube along the grid
as was discussed in the beginning of Section C.3.
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∆𝑇𝑎𝑣𝑔 ≈ ∆𝑇𝑙𝑚 =

𝑇𝑖 − 𝑇𝑒
𝑇 −𝑇
ln ( 𝑇𝑠 − 𝑇𝑒 )
𝑠
𝑖

(C.42)

Eq. (C.42) can be used to replace the 𝑇𝑠 − 𝑇∞ term in Eq. (C.8) and equated to the
heat absorption at constant pressure (Eq. (C.9)) with the ∆𝑇 term changed to 𝑇𝑖 − 𝑇𝑒 .
Furthermore, the 𝐴𝑠 term is replaced by 𝜋𝐷𝛿𝑥 and is shown in Eq. (C.43). Solving
Eq. (C.43) for the surface temperature 𝑇𝑠 will yield Eq. (C.44).
𝑄̇ = ℏ𝜋𝐷𝛿𝑥

𝑇𝑖 − 𝑇𝑒
= 𝑚̇𝑐𝑝 (𝑇𝑖 − 𝑇𝑒 )
𝑇𝑠 − 𝑇𝑒
ln ( 𝑇 − 𝑇 )
𝑠
𝑖

ℏ𝜋𝐷𝛿𝑥
𝑇𝑖 exp ( 𝑚̇𝑐 ) − 𝑇𝑒
𝑝
𝑇𝑠 =
ℏ𝜋𝐷𝛿𝑥
exp ( 𝑚̇𝑐 ) − 1
𝑝

(C.43)

(C.44)

C.2.4 Maximum Fuel Temperature
In a NTP engine, heat is generated by the nuclear fission process which was
thoroughly discussed in Section 2.8. One of the simplifications for calculating the heat
transfer for the fuel element started with hexagonal fuel elements, similar to that of
NERVA, with flow channels running through them. The heat transfer analysis focused on
a single channel and attempted to model it. However, the angular temperature dependencies
due to the hexagonal shape will result in complicated geometrical relations that are not
easily solved analytically. Therefore, as shown in Figure C.3, the geometry was simplified
to form an annulus. It was assumed that the channel was long compared to the radial
dimension and the axial component of thermal conduction was dropped, thus simplifying
the analytical formulations further. According to Dr. William Emrich, these assumptions
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and approximations will result in only a modest loss of accuracy. Although the new
considered fuel element has a round shape [54,130] and not hexagonal like the NERVA
fuel elements, it would still be possible to use the annulus fuel approximation as shown in
Figure C.3 as long as the total fuel cross section is equal. [59]

Figure C.3: NERVA Fuel Element Equivalent Flow Channel [59]

By implementing the annulus fuel approximation, the heat transfer relation for this
geometry is given by the heat transfer through a cylindrical layer shown in Eq. (C.45).
Here, the outer layer of the cylinder is at the maximum fuel temperature 𝑇𝑓

𝑚𝑎𝑥

of that tube

section corresponding to a distance of 𝑟2 from the tube center. In the geometry that is shown
in Figure C.3, a distance that is greater than 𝑟2 will result in being closer to a neighboring
tube thus bringing down the fuel temperature closer to the surface temperature. Therefore,
conceptually, 𝑇𝑓

𝑚𝑎𝑥

must occur at the outer edge of the tubular annulus. Furthermore, the

average thermal conductivity 𝐾𝑎𝑣𝑔 that is used is evaluated at the average temperature
between 𝑇𝑠 and 𝑇𝑓

𝑚𝑎𝑥

of the previous node and not the current node being evaluated. The

function for the thermal conductivity is the spline function that was shown taken from the
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data provided by BWXT [52]. This is appropriate since the grid resolution 𝛿𝑥 is assumed
to be small resulting in small changes in the temperature between the nodes. There is also
a desire to speed up the computational time. Therefore, if an iterative loop can be saved in
the calculation of a single node, the sacrifice of a small fraction of a percent of accuracy is
acceptable. Another simplification that was applied was the negligence of the coating
inside the tube as this coating is very thin would only yield a fraction of a unit of
temperature difference. Eq. (C.45) can be easily reformulated to yield the expression for
the maximum fuel temperature 𝑇𝑓

𝑚𝑎𝑥

shown in Eq. (C.46).

𝑄̇ = 2𝜋𝐾𝑎𝑣𝑔 𝛿𝑥

𝑇𝑓

C.3

𝑚𝑎𝑥

=

𝑇𝑓

− 𝑇𝑠
𝑟
ln ( 𝑟𝑜 )
𝑖
𝑚𝑎𝑥

𝑟
𝑄̇ ln ( 𝑟𝑜 )
𝑖

2𝜋𝐾𝑎𝑣𝑔 𝛿𝑥

+ 𝑇𝑠

(C.45)

(C.46)

Turbomachinery

C.3.1 Pumps
The purpose of the pump is to increase the fluid pressure and is measured by the
pump pressure head 𝐻𝑝 for which the expression is shown in Eq. (C.47) which is based on
the desired exit pressure 𝑃𝑒 , the inlet pressure 𝑃𝑖 , the fluid density 𝜌, and the reference
gravity on Earth at sea level 𝑔0 . The pressure produced must be enough to overcome the
pressure losses through all lines, tubes, and ducts and still provide the desired chamber
pressure. Pumps could also be cascaded together to avoid cavitation at pump inlets and
reduce the required pump pressure head. The work that the pump produces 𝑊̇𝑝 is directly
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related to the volumetric flow rate through the pump ∀̇𝑝 , the fluid density 𝜌, and the pump
pressure head 𝐻𝑝 as shown in Eq. (C.48). This can further be related to the available and
exit pressure as well as the fluid enthalpy. The type of pump that is used is specified by the
pump specific speed 𝑛𝑠 𝑝 and the pump types according to this parameter are shown in
Figure C.4. This specific speed parameter can be used to determine the shaft speed of the
pump 𝜔 by using Eq. (C.49). [59]

𝐻𝑝 =

𝑊̇𝑝 = 𝜌𝑔0 ∀̇𝑝 𝐻𝑝 =

𝜔=

(C.47)

𝑚̇𝑝 (𝑃𝑒 − 𝑃𝑖 )
= 𝑚̇(ℎ𝑒 − ℎ𝑖 )
𝜌

𝑛𝑠 𝑝 (𝑔0 𝐻𝑝 )
√∀̇𝑝

𝑃𝑒 − 𝑃𝑖
𝑔0 𝜌

3⁄4

=

(C.48)

𝑛𝑠 𝑝 (𝑃𝑒 − 𝑃𝑖 )3⁄4
𝜌1⁄4 √𝑚̇𝑝

Figure C.4: Types of Pumps According to the Specific Speed [59]
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(C.49)

Another important pump characteristic is the pump efficiency 𝜂𝑝 , which according
to Figure C.5, is a function of both the pump specific speed 𝑛𝑠 𝑝 and pump specific diameter
𝑑𝑠 𝑝 . The pump specific diameter is a parameter that depends on the physical diameter 𝐷𝑝
of the pump for which the expression is shown in Eq. (C.50). Once both the work done by
the pump 𝑊̇𝑝 and the efficiency of the pump have been determined, the work required to
drive the pump 𝑊̇𝑠ℎ𝑎𝑓𝑡 can be found by using Eq. (C.51). Furthermore, the temperature
rise through the pump can also be determined by implementing the First Law of
Thermodynamics for an open system to find the enthalpy of the fluid coming out of the
pump as shown in Eq. (C.52) assuming steady state. The 𝑄̇𝑖𝑛 is the heat that goes into the
pump from external means such as the radiative heat absorbed from the reactor. The outlet
enthalpy value along with the resulting pressure can be used in a programmatic fluid
property library such as CoolProp [32] or on a P-h diagram for the specific fluid to find the
fluid outlet temperature. [59]
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Figure C.5: Pump Efficiency [59]

𝑑𝑠 𝑝 =

𝐷𝑝 (𝑔0 𝐻𝑝 )

1⁄4

=

𝐷𝑝 [𝜌(𝑃𝑒 − 𝑃𝑖 )]1⁄4
√𝑚̇𝑝

√∀̇𝑝

𝑊̇𝑠ℎ𝑎𝑓𝑡 =

ℎ𝑜𝑢𝑡 = ℎ𝑖𝑛 +

𝑊̇𝑝
𝜂𝑝

𝑄̇𝑖𝑛 − 𝑊̇𝑝
𝑚̇𝑝
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(C.50)

(C.51)

(C.52)

An important phenomenon that needs to be considered is cavitation which can
damage the pump during prolonged occurrence. When the pump pressurizes the fluid, the
pressure is reduced at the pump inlet depending on the pump speed. When the pressure is
reduced below the fluid’s vapor pressure 𝑃𝑣 evaluated at the inlet temperature, cavitation
will occur. Therefore, there exists a minimum inlet pressure 𝑃𝑖 𝑚𝑖𝑛 that is required to
prevent cavitation and is defined by Eq. (C.53). According to an expert, in most cases,
𝑃𝑖 𝑚𝑖𝑛 is an over-estimate and the 𝛼 term in Eq. (C.53) represents the margin by which 𝑃𝑖
can be below 𝑃𝑖 𝑚𝑖𝑛 which is usually set to 10% [164]. The other term that appears in
Eq. (C.53) is 𝜎 which is called the Thoma parameter and can be found by determining the
suction-specific speed 𝑠𝑠 shown in Eq. (C.54) and using the empirical correlation to the
pump specific speed 𝑛𝑠 𝑝 shown in Figure C.6. [59]

𝑃𝑖 𝑚𝑖𝑛 = (1 − 𝛼)𝜎(𝑃𝑒 − 𝑃𝑖 ) + 𝑃𝑣
𝜔√∀̇𝑝
𝑠𝑠 =

𝑃 − 𝑃 3⁄4
( 𝑖 𝜌 𝑣)

=

𝜔𝜌1⁄4 √𝑚̇𝑝
(𝑃𝑖 − 𝑃𝑣 )3⁄4
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(C.53)

(C.54)

Figure C.6: Correlation of Cavitation with Pump Suction Specific Speed [59]

C.3.2 Turbines
The turbines are tasked with providing the work that the pumps require via shaft,
therefore 𝑊̇𝑡 = 𝑊̇𝑝 . Just as with pumps, the specific speed of the turbine 𝑛𝑠 𝑡 determines
the turbine type. Unlike the pumps, however, turbines deal with compressible fluids,
therefore the turbine head 𝐻𝑡 is expressed through the fluid enthalpies as shown in instead
of the pressures as shown in (C.55). Figure C.7 shows the various turbine types with respect
to the 𝑛𝑠 𝑡 .

𝑛𝑠 𝑡 =

𝜔√∀̇𝑡
3
(𝑔0 𝐻𝑡 ) ⁄4

=

𝜔√𝑚̇𝑡
√𝜌(ℎ𝑖 − ℎ𝑒 )
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3⁄
4

(C.55)

Figure C.7: Types of Turbines According to the Specific Speed [59]

Another similarity between the turbine and pump calculations is the specific
diameter 𝑑𝑠 which is based on the physical diameter 𝐷. Just like in the turbine specific
speed expression, the pressure head is replaced by the enthalpy change as shown in
Eq. (C.56). Together, 𝑛𝑠 𝑡 and 𝑑𝑠 𝑡 determine the efficiency of the turbine 𝜂𝑡 as shown in
Figure C.8. This contour plot can be transferred into a table and 𝜂𝑡 looked up in terms of
𝑛𝑠 𝑡 and 𝑑𝑠 𝑡 just like in the case of the pump analysis.

𝑑𝑠 𝑡 =

𝐷𝑡 (𝑔0 𝐻𝑡 )
√∀̇𝑡

1⁄
4

=

𝐷𝑡 √𝜌(ℎ𝑖 − ℎ𝑒 )
√𝑚̇𝑡
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1⁄
4

(C.56)

Figure C.8: Representative 𝑛𝑠 𝑡 − 𝑑𝑠 𝑡 Diagram for Turbines [59]

Since turbines can be throttled by controlling the mass flow rate, it is important to
now calculate the turbine mass flow rate 𝑚̇𝑡 to produce a required amount of work. Given
the turbine stagnation inlet temperature 𝑇0 𝑖 and pressure 𝑃0 𝑖 , the work required 𝑊̇𝑠ℎ𝑎𝑓𝑡 , the
shaft speed 𝜔, external heat 𝑄̇𝑖 , 𝑛𝑠 𝑡 , and turbine physical diameter 𝐷𝑡 , 𝑚̇𝑡 is found by
setting the exit enthalpy ℎ𝑒 from the First Law of Thermodynamics equal to the outlet
enthalpy from the turbine specific speed equation (Eq. (C.57)). The inlet enthalpies ℎ𝑖
cancel and solving for 𝑚̇𝑡 yields Eq. (C.57).
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4⁄5

𝑚̇𝑡 = (𝑊̇𝑠ℎ𝑎𝑓𝑡 − 𝑄̇𝑖 )

3⁄5

𝑛𝑠 √𝜌
(
)
𝜔

(C.57)

Another important parameter that determines turbine performance is the discharge
pressure which can be used to find the pressure ratio of the turbine. Although the pressure
ratio can be specified and the efficiency calculated from that pressure ratio, it is only valid
for steady, non-transient analysis. Because the turbine inlet conditions and the work
required will change during transient analysis, it is important to determine the pressure
ratio as a function of the turbine characteristics. This is done by finding the turbine
efficiency 𝜂𝑡 from 𝑛𝑠 𝑡 and 𝑑𝑠 𝑡 as was discussed previously. Since 𝑚̇𝑡 was calculated based
on setting the outlet enthalpy ℎ𝑜𝑢𝑡 from First Law of Thermodynamics equal to the outlet
enthalpy from the turbine specific speed equation (Eq. (C.57)), all the components that are
necessary for determining ℎ𝑒 are in place and either the First Law of Thermodynamics or
the turbine specific speed equation (Eq. (C.57)) could be used to find it. Furthermore, since
the turbine inlet temperature and pressure are known, the inlet enthalpy ℎ𝑖 is also known.
The turbine efficiency along with the inlet and exit enthalpies can be used to
determine the isentropic exit enthalpy ℎ𝑒 𝑠 by using the thermodynamic efficiency equation
for turbines as shown in Eq. (C.58). To find any thermodynamic quantity, only two
quantities must be known [133]. Since both, the inlet conditions and ℎ𝑒 𝑠 are known, the
exit conditions are defined by linking the inlet entropy 𝑠𝑖 to ℎ𝑒 𝑠 and finding the exit
stagnation pressure 𝑃0 𝑒 from fluid property look-up tables such as CoolProp [32]. Using
both ℎ𝑒 and 𝑃0 𝑒 , the exit stagnation temperature 𝑇0 𝑒 and other thermodynamic properties
can be determined.
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𝜂𝑡 =

C.4

ℎ𝑖 − ℎ𝑒
ℎ𝑖 − ℎ𝑒
→ ℎ𝑜𝑢𝑡 𝑠 = ℎ𝑖 −
ℎ𝑖 − ℎ𝑒 𝑠
𝜂𝑡

(C.58)

Mass Estimations
Estimating the mass of the engine is an important part to the mission analysis as it

adds considerations of how the engine architecture that produces performance metrics
impacts the vehicle performance. The key components that will be affected are the ducting,
turbopump, and structural support of the engine. The rest of the engine components can be
assumed to be constant such as the control systems and reactor core as this dissertation
analyzes engines with similar control configurations and existing reactor designs. The
masses of all the considered components can be estimated by using reference relationships
or regression fits to historical data. The ducting can be calculated by using Eq. (C.59).
Here, the maximum system pressure 𝑃𝑚𝑎𝑥 , material density 𝜌𝑚𝑎𝑡 , material yield strength
𝜎, propellant mass flow rate 𝑚̇, and average propellant density 𝜌 are considered for duct
analysis with exponents fitted to historical data. The subscript ref indicates that the value
is taken from a reference engine. [125]

𝑚𝑑𝑢𝑐𝑡 = 𝑚𝑑𝑢𝑐𝑡 𝑟𝑒𝑓 (

𝑃𝑚𝑎𝑥
𝑃𝑚𝑎𝑥 𝑟𝑒𝑓

0.3

)

(

𝜌𝑚𝑎𝑡
𝜌𝑚𝑎𝑡 𝑟𝑒𝑓

1

) (

𝜎
𝜎𝑟𝑒𝑓

−1

)

𝑚̇
(
)
𝑚̇𝑟𝑒𝑓

0.625

(

𝜌
𝜌𝑟𝑒𝑓

−0.625

)

(C.59)

The turbopump mass estimation has a simpler function that depends on a power
model of historically fitted data shown in Eq. (C.60). Here, 𝑊̇𝑡𝑝 is the work of the
turbopump that is transferred through the shaft and 𝜔 is the rotational velocity of the shaft.
[125]
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𝑚𝑡𝑝

0.6
𝑊̇𝑡𝑝
= 1.5 (
)
𝜔

(C.60)

The structural support mass is calculated based on the engine thrust and a reference
structural mass as shown in Eq. (C.61) where F is the engine thrust. [125]
0.92068

𝑚𝑠𝑡𝑟𝑢𝑐𝑡

𝐹
= 𝑚𝑠𝑡𝑟𝑢𝑐𝑡 𝑟𝑒𝑓 (
)
𝐹𝑟𝑒𝑓
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(C.61)

APPENDIX D
Nuclear Engineering
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Any nuclear reactor functions on the fission principle. Fission occurs when a
neutron is absorbed by a fissile atom such as

235

U or

239

Pu which become unstable and

usually split into two fission fragments as shown in Figure D.1. This reaction also releases
two to three neutrons as well as energy. If the masses of the fission fragments and neutrons
are summed, there will be a mass deficiency. This mass deficiency is the mass that was
converted into energy and can be expressed by Einstein’s famous equation 𝐸 = 𝑚𝑐 2. [62]

Figure D.1: Illustration of Nuclear Fission [165]

D.1 Neutron Diffusion Theory
Reactor power is proportional to the number of neutrons causing these fissile nuclei
to fission. However, prompt neutrons released promptly after a fission event are unlikely
to be captured due to their high velocities. Therefore, moderator elements and sometimes
the working fluid are used to slow these neutrons down. By decreasing the velocity and
therefore the kinetic energy of the prompt neutrons to thermal velocities, the moderators
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gain heat by absorbing some of the prompt neutron kinetic energy. The heat gained by
slowing prompt neutrons to thermal velocities is not negligible, which is why moderator
elements and blocks must be actively cooled [52,62,166,167].
Since the number of neutrons actively participating in fissions are proportional to
the reactor power, it is desired to control their population. The discussion on neutron
population should begin with the neutron flux 𝜙 which has units of

neutrons
m2 s

. The neutron

flux 𝜙 is a function of position inside the reactor as well as time and is dependent on
neutron interaction with matter. There are three ways that neutron population is affected
which are production, absorption, and leakage. The neutron diffusion theory approximates
the behavior of the neutron flux. A more advanced and computationally intensive theory is
the neutron transport theory which is incorporated into advanced software such as the
Monte Carlo N-Particle Transport Code (MCNP). Since this dissertation focuses primarily
on the thermofluid aspects of the engine, the neutron diffusion theory discussion will
suffice and yield sufficient accuracy in the determination of a nuclear thermal propulsion
system performance at the preliminary design level. Future work will examine the neutron
transport theory and incorporate the advanced software tools.
The neutron diffusion theory begins with the discussion of an element’s
microscopic cross section parameters 𝜎𝑋 where X represents an interaction type. These
parameters address the likelihood of an element’s nucleus interacting with any particle
including neutrons. The microscopic cross section represents the effective area of a single
nucleus with units of barns or cm2. One of these cross sections describes the likelihood of
the occurrence of a neutron absorption interaction 𝜎𝑎 . Another cross-section parameter is
the fission cross section 𝜎𝑓 , which is present only in fissile and fissionable elements and
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represents the likelihood that the interacting neutron will cause a fission event. However,
the microscopic cross section cannot describe the likelihood of an interaction with a volume
of material, but rather a single nucleus. For this purpose, a macroscopic cross section Σ𝑋 is
used which is the product of the atomic number density 𝑁 (defined in Eq. (D.1)) and that
element’s cross section 𝜎𝑋 . This represents the effective area of all the nuclei contained in
a volume of material with units of cm-1. The rate of a particular neutron interaction is the
product of the macroscopic cross section of interaction type X and the neutron flux yielding
the mathematical expression Σ𝑋 𝜙.

𝑁=

𝜌𝑁𝐴
𝑚𝑤

(D.1)

Neutron production is attributed to the number of fissions inside the reactor fuel. In
mathematical terms, this is called the source 𝑆. The source of neutrons is from fission
reactions, the likelihood of which is described by the macroscopic fission cross section Σ𝑓 .
Furthermore, different fissile elements yield different number of neutrons per fission
reaction 𝜈. Therefore, the source of neutrons 𝑆 is represented by 𝜈Σ𝑓 𝜙.
Accordingly, a macroscopic absorption cross section Σ𝑎 is used to represent the
likelihood of neutron absorption by a given element. Likewise, a macroscopic scattering
cross section Σ𝑠 is used to represent the likelihood of a neutron bouncing off a given
element. Therefore, a way of controlling the neutron population inside the NTP reactor is
by control drums which are coated by a material with high absorption but low scattering
cross sections on one side and a material with low absorption but high scattering cross
sections on the other. These drums are located circumferentially around the reactor and are
turned an amount corresponding to the desired effect on the neutron population. The
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mathematical expression of the rate of neutron absorption is Σ𝑎 𝜙. Since the neutrons
absorbed are leaving the neutron population inside the reactor, the final mathematical
expression for the rate of neutron absorption is −Σ𝑎 𝜙.
Neutrons could also escape from the reactor in the form of neutron leakage. The
parameter that describes the amount of leakage expected to occur is the diffusion 𝐷 of a
given material and the leakage rate is approximated by Fick’s Law. In terms of the neutron
flux 𝜙, this is mathematically expressed as 𝐷∇2 𝜙. However, this expression provides the
number of neutrons leaving the reactor which should be a negative number in terms of the
neutron population inside the reactor. Therefore, the final neutron leakage rate
mathematical expression is −𝐷∇2 𝜙.
Putting these concepts together shows that the neutron population is affected by the
number of neutrons produced, absorbed, and leaked. The expressions provided above
describe the rate at which the neutron population is affected or the rate of change in the
number of neutrons in the reactor volume. This concept is written as a word equation in
Eq. (D.2). Substituting the respective mathematical expressions into Eq. (D.2) yields
Eq. (D.3) which is a partial differential equation describing the neutron diffusion.
𝑅𝑎𝑡𝑒 𝑜𝑓
𝑅𝑎𝑡𝑒 𝑜𝑓
𝑅𝑎𝑡𝑒 𝑜𝑓
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑜𝑓
[ 𝑖𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠] = [
]−[
]−[
]
𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠
𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠
𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑖𝑛
𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
𝑣𝑜𝑙𝑢𝑚𝑒
𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

(D.2)

𝜕𝑛
= νΣ𝑓 𝜙 − Σ𝑎 𝜙 − 𝐷∇2 𝜙
𝜕𝑡

(D.3)

D.2 Reactor Kinetics
A reactor for NTP purposes has four general states: startup, steady state, shut down,
and cool down. During the startup state, the reactor is supercritical meaning that the rate of
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change in the number of neutrons inside the reactor is positive resulting in the production
term νΣ𝑓 𝜙 exceeding the sum of both the absorption Σ𝑎 𝜙 and diffusion 𝐷∇2 𝜙 terms. This
increases the neutron population and thus the power. During steady state, the production
term is balanced with the absorption and diffusion terms while during shut down, the
absorption and diffusion terms exceed the production term.
The temperature of the reactor depends on the mass flow rate of the working fluid
as well as the fluid properties. An important repercussion of this is that the reactor power
and the reactor fuel temperature are largely independent of each other. The result is that
the fluid mass flow rate is a design parameter which could be a function of different
parameters depending on the design itself.
As the fissile nuclei fission, they produce radioactive and unstable fission
fragments. These fragments tend to release 𝛼 particles (helium nuclei), 𝛽 particles
(electrons) or 𝛾-rays from the nucleus as well as delayed neutrons (neutrons released some
time after a fission event) to stabilize. This process is called radioactive decay and is a
secondary source of heat in a nuclear reactor. The particles are not released immediately
upon formation of these fragments and this delay is characterized by the half-life of the
fragment. Therefore, shortly after reactor startup, it is expected for the power level to
increase further than the neutron population dictates. The same principle applies to reactor
shutdown where residual heat is still released from these fission fragments and the power
level remains above zero for some time prompting the implementation of a cooldown
regime.
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Reactor power at shutdown is dependent upon both the reactor kinetics and decay
heat. The reactor kinetics were derived from point kinetics by Dr. William Emrich with the
result shown in Eq. (D.4). Here, 𝑃𝑓𝑝 is the full power of the reactor, 𝜌 is the reactivity
which is the ratio of net neutron production to neutron production or

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛−𝑙𝑜𝑠𝑠
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

, 𝛽 is

the total yield fraction of fission product nuclides, Λ is the average neutron lifetime, and t
is the time after shutdown.

𝑃𝑠𝑑 𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠 (𝑡) = 𝑃𝑓𝑝 {

𝜌
𝜌−𝛽
𝛽
−𝜌𝜆
exp (
𝑡) −
exp (
𝑡)}
𝜌−𝛽
Λ
𝜌−𝛽
𝜌−𝛽

(D.4)

The heat resulting from the decay of fission fragments, however, requires numerical
modeling. An empirical formulation is shown in Eq. (D.5) which has been used in modeling
the HALEU AR NTP reactor [168]. Here, 𝑡𝑓𝑝 is the time the reactor was operating at full
power prior to shut down.
𝑃𝑠𝑑 𝑑𝑒𝑐𝑎𝑦 (𝑡) = 𝑃𝑓𝑝 {0.1104 [𝑡 −0.2436 − (𝑡𝑓𝑝 + 𝑡)

−0.2436

]}

(D.5)

Summing Eq. (D.4) and (D.5) will result in the reactor power after shutdown
formulation shown in Eq. (D.6).

𝑃𝑠𝑑 (𝑡) = 𝑃𝑓𝑝 {

𝜌
𝜌−𝛽
𝛽
−𝜌𝜆
exp (
𝑡) −
exp (
𝑡)
𝜌−𝛽
Λ
𝜌−𝛽
𝜌−𝛽
(D.6)
+ 0.1104 [𝑡 −0.2436 − (𝑡𝑓𝑝 + 𝑡)
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−0.2436

]}

APPENDIX E
BWXT Reactor Parameters
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BWXT performed in-depth reactor analysis in the Monte Carlo N-Particle
Transport (MCNP) program developed by Las Alamos National Laboratory and provided
their results in both the radial and axial dimensions. Their reactor parameters show insights
into NASA’s NTP engine system/fuel and moderator development plan conceptual testing
reference design of which BWXT and Aerojet Rocketdyne are providing support for
engine, reactor, and fuel design and analysis [55]. Reactor power levels of 330 MW and
530 MW were considered with the parameters provided by BWXT shown in Table E.1
[130]. The fuel element arrangement inside a single moderator block matrix is shown in
Figure E.1 for both the 330 MW (left) and 530 MW (right) reactors. Here, it is seen that
the fuel elements are arranged in concentric rings with the 530 MW reactor having an extra
external ring. The moderator block also features flow channels with a diameter of
[REDACTED] m.

Table E.1: Reactor Parameters [52–54,130]
PARAMETER
Thrust Class
Fuel Elements per Ring
Total Fuel Elements
Fuel Element Channel Diameter
Reactor Heated Length
Reactor Heated Diameter
Total 𝟐𝟑𝟓𝐔 Mass
Moderator Channels
Moderator Channel Diameter
Control Drum/Reflector Flow
Channels
Heat Fraction to Fuel Elements
Heat Fraction to Moderator
Heat Fraction to Control
Drums/Reflector

330 MW
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

530 MW
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]
[REDACTED]

[REDACTED]
[REDACTED]

[REDACTED]

[REDACTED]
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Units
klbf
mm
m
m
kg
mm
-

Figure E.1: Reactor Cross Section (330 MW Right, 530 MW Left) [130]

The fuel element cross sectional view is shown in Figure E.2 depicting
[REDACTED] individual flow channels with flow diameters of [REDACTED] m. Here,
the green is the surrounding zirconium hydride ZrH1.9 moderator block, the cyan is the
porous ZrC insulator wall, the blue is the SiC/SiC composite outer wall, and the red is the
fuel composed of 5% YN with variable

235

U in a ZrC matrix. [52–54,130] The heat

fractions allocated to the fuel elements, moderator block, and control drums/reflector were
shown on the bottom three rows of Table E.1, respectively.
The thermal conductivity of the CERCER fuel corresponding to the current reactor
design [54,130] as well as the CERMET fuel corresponding to previous designs
[26,52,153,169] is shown as a function of temperature in Figure E.3. Here, it becomes
apparent that the CERCER and CERMET thermal conductivity trends with increasing
temperature are opposite of each other. The CERCER thermal conductivity increases with
temperature but is much lower at lower temperatures than CERMET. This suggests that
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the difference between the surface and the maximum fuel temperature at lower
temperatures during reactor transient events will be higher in the CERCER than in the
CERMET fuel elements.

Figure E.2: Fuel Element Cross Section [54]

Figure E.3: Thermal Conductivity of Fuel [52]
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The axial and radial power peaking distribution curves for the 330 MW reactor are
shown in Figure E.4 and Figure E.5 on the same scale, respectively. Likewise, the axial
and radial power peaking distribution curves for the 530 MW reactor are shown in Figure
E.6 and Figure E.7 on the same scale, respectively. It can be noticed that for both reactors,
the radial power peaking does not vary much since the uranium loading was varied
throughout the fuel elements radially. In fact, BWXT has recommended to use only the
axial power peaking for heat deposition and heat transfer calculations [130]. The total
uranium mass is [REDACTED] kg and [REDACTED] kg for the 330 MW and 530 MW
reactors, respectively. [52–54,130]

Figure E.4: 330 MW Axial Reactor Power Peaking [130]
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Figure E.5: 330 MW Radial Reactor Power Peaking [130]

Figure E.6: 530 MW Axial Reactor Power Peaking [130]
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Figure E.7: 530 MW Radial Reactor Power Peaking [130]
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APPENDIX F
H-NTP Validation
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F.1 AR Reference Engine Models
For AR PBM 5.7, the mass flow rates, temperatures, and pressures at all the states
are shown in Table F.1, the key performance parameters (KPPs) are shown in Table F.2
through Table F.4, and the nozzle characteristics are shown in Table F.5. Likewise, for AR
PBM 2092021, the state values are shown in Table F.6, the KPPs are shown in Table F.7
through Table F.9, and the nozzle characteristics are shown in Table F.10. From all these
values, AR PBM 5.7 has much less load on the entire system in terms of power, mass flow
rate, and pressure than AR PBM 2092021. Because these models are similar to each other
but perform differently, they will be an ideal case for validating engine components.
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Table F.1: AR PBM 5.7 States [53,54]
States
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

𝐦̇ (kg/s)

T (K)

P (atm)

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

Description
Boost Pump enter
Boost Pump exit
Main Pump 1 exit
Main Pump 2 exit
Pump Bypass Valve exit
Pre-MECV
ME enter
ME exit
Pre-REGCV
Regen Cooling Enter
Regen Cooling Exit/CD Enter
CD Exit
CD and ME flows mix
Boost Turbine Enter
Boost Turbine Exit
Main Turbine Enter
Main Turbine Exit
TBCV Enter
TBVC Exit
Turbine Flows all mix
Pre-Reactor
Chamber Conditions

Table F.2: AR PBM 5.7 Nozzle Performance [53,54]
Parameter
Thrust
Thrust
Isp

Value
[REDACTED]
[REDACTED]
[REDACTED]
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Unit
klbf
kN
s

Table F.3: AR PBM 5.7 Reactor and Heat Transfer Performance [53,54]
Parameter
Reactor Power
Main Heating
ME Heating
CD Heating (MW):
Max Fuel Temperature
Regen Cooling

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Unit
MW
MW
MW
MW
K
MW

Table F.4: AR PBM 5.7 Turbomachinery Performance [53,54]
Parameter
Pump Efficiency
Turbine Efficiency
Turbine Pressure Ratio
Main Power
Main Shaft Speed
Boost Turbine Efficiency
Boost Turbine Pressure Ratio
Boost Shaft Speed

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Unit
%
%
kW
RPM
%
RPM

Table F.5: AR PBM 5.7 Nozzle Parameters [53,54]
Parameter
Throat Diameter
Area Ratio
Exit Diameter
Nozzle Efficiency

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
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Unit
m
m
%

Table F.6: AR PBM 2092021 States [53,54]
States
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

𝐦̇ (kg/s)

T (K)

P (atm)

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

Description
Boost Pump enter
Boost Pump exit
Main Pump 1 exit
Main Pump 2 exit
Pump Bypass Valve exit
Pre-MECV
ME enter
ME exit
Pre-REGCV
Regen Cooling Enter
Regen Cooling Exit/CD Enter
CD Exit
CD and ME flows mix
Boost Turbine Enter
Boost Turbine Exit
Main Turbine Enter
Main Turbine Exit
TBCV Enter
TBVC Exit
Turbine Flows all mix
Pre-Reactor
Chamber Conditions

Table F.7: AR PBM 2092021 Nozzle Performance [53,54]
Parameter
Thrust
Thrust
Isp

Value
[REDACTED]
[REDACTED]
[REDACTED]
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Unit
klbf
kN
s

Table F.8: AR PBM 2092021 Reactor and Heat Transfer Performance [53,54]
Parameter
Reactor Power
Main Heating
ME Heating
CD Heating
Max Fuel Temperature
Regen Cooling

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Unit
MW
MW
MW
MW
K
MW

Table F.9: AR PBM 2092021 Turbomachinery Performance [53,54]
Parameter
Main Power
Main Pump Efficiency
Main Shaft Speed
Main Turbine Pressure Ratio
Main Turbine Efficiency
Boost Power
Boost Pump Efficiency
Boost Shaft Speed
Boost Turbine Pressure Ratio
Boost Turbine Efficiency

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Unit
kW
%
RPM
%
kW
%
RPM
%

Table F.10: AR PBM 2092021 Nozzle Parameters [53,54]
Parameter
Throat Diameter
Area Ratio
Exit Diameter
Nozzle Efficiency

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
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Unit
m
m
%

The AR PBM 3.0 is an older version of the hydrogen NTP engine model but still
provides valuable insight on the design space limitations that could be used to expand that
of the AR PBM 5.7 and AR PBM 2092021 models in the alternative propellant work. The
values of the states for AR PBM 3.0 are shown in Table F.11, KPPs are shown in Table
F.12 through Table F.14, and the nozzle characteristics are shown in Table F.15. The
schematic is shown in Figure F.1 where the only fundamental difference in the flow
schedule is that the moderator elements are tie-tubes, therefore, the flow enters and exits
from the top of the reactor.

275

Figure F.1: Engine Flow Diagram (Adapted from AR PBM 3.0 [26])
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Table F.11: AR PBM 3.0 States [169]
State
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

𝐦̇ (kg/s)

T (K)

P (atm)

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Boost Pump

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Main Pumps

[REDACTED]

[REDACTED]

[REDACTED]

Maximum Pressure

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Regenerative Cooling

[REDACTED]

[REDACTED]

[REDACTED]

Post-Regenerative Cooling

[REDACTED]

[REDACTED]

[REDACTED]

Post-Control Drum Cooling

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Moderator Element Cooling

[REDACTED]

[REDACTED]

[REDACTED]

Bottom of Moderator Element

[REDACTED]

[REDACTED]

[REDACTED]

Post-Moderator Element Cooling

[REDACTED]

[REDACTED]

[REDACTED]

Mixture of Post-Cooling Lines

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Boost Turbine

--

--

--

Post-Boost-Turbine

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Main Turbines

[REDACTED]

[REDACTED]

[REDACTED]

Post-Main Turbines

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Turbine Bypass Valve

[REDACTED]

[REDACTED]

[REDACTED]

Post-Turbine Bypass Valve

[REDACTED]

[REDACTED]

[REDACTED]

Turbine and Bypass Valve Flows Mix

[REDACTED]

[REDACTED]

[REDACTED]

Pre-Reactor State

[REDACTED]

[REDACTED]

[REDACTED]

Chamber State

Description

Table F.12: AR PBM 3.0 Nozzle Performance [169]
Parameter
Thrust
Thrust
Isp

Value
[REDACTED]
[REDACTED]
[REDACTED]
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Unit
klbf
kN
s

Table F.13: AR PBM 3.0 Reactor and Heat Transfer Performance [169]
Parameter
Reactor Power
Main Heating
ME Heating
CD Heating
Max Fuel Temperature
Regen Cooling

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Unit
MW
MW
MW
MW
K
MW

Table F.14: AR PBM 3.0 Turbomachinery Performance [169]
Parameter
Pump Efficiency
Turbine Efficiency
Turbine Pressure Ratio
Main Power
Main Shaft Speed
Boost Pump Efficiency
Boost Turbine Efficiency
Boost Turbine Pressure Ratio
Boost Power
Boost Shaft Speed

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]

Unit
%
%
kW
RPM
%
%
kW
RPM

Table F.15: AR PBM 3.0 Nozzle Parameters [169]
Parameter
Throat Diameter
Area Ratio
Exit Diameter
Nozzle Efficiency

Value
[REDACTED]
[REDACTED]
[REDACTED]
[REDACTED]
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Unit
m
m
%

Here, it becomes evident that the exit diameter is the same for both the 25 klbf
models AR PBM 2092021 and AR PBM 3.0 suggesting that it is a constant for each reactor
class. However, both the chamber pressure and throat diameter can vary with AR PBM 3.0
establishing the maximum chamber pressure limit of [REDACTED] atm. Furthermore, the
nozzle efficiency is kept the same for all three models.
F.2 Simulink Reference Engine Models and Component Validation
To successfully model NTP that use alternative propellants, a reference NTP engine
is first established. The program of choice to model this engine is Simulink with the engine
components modeled in separate MATLAB blocks. The error tolerance of the Simulink
model relative to the AR PBM models is 4% chosen as a rule of thumb for numerical
calculations of turbomachinery and fluid flow for aeromechanical predictions [110]. The
flow states specified by AR and shown in Chapter 4 were primarily stagnation values. Fluid
properties will be evaluated at static values where Eq. F.7 and Eq. F.8 describe the static
and stagnation values for temperature and pressure, respectively. Previous work used a
1 mm grid resolution for all flow channels, however, this resulted in very long convergence
times and the solution results were not much different from a 1 cm grid resolution [57].
Therefore, this work will rely on the 1 cm grid for all flow channels except for the nozzle
regenerative cooling channels to capture the effects at the throat. The recent AR PBM
models will be modeled in this work as AR PBM 3.0 was already modeled in previous
work [57]. However, design space limits will still incorporate those found in AR PBM 3.0.
Furthermore, since the models produced in this work will not be the AR PBM models, they
will be referred to as Hydrogen-based NTP with a 330 MW reactor (H2-330MW) for AR
PBM 5.7 and H2-530MW for AR PBM 2092021 using the same convention.
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𝑉2
𝑇0 = 𝑇𝑠𝑡𝑎𝑡𝑖𝑐 +
2𝑐𝑝

F.7

1
𝑃0 = 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 + 𝜌𝑉 2
2

F.8

F.2.1 Propellant Tank/Duct Flow/Valves
The propellant tank storage temperature and pressure are set to be 20.5556 K and
1.5 atm respectively according to the vehicle architecture [8,170]. The propellant line
leading from the tank to the boost pump inlet is set to have an arbitrary length of 4 meters
and a diameter of 6.22 cm and 7.564 cm for H2-330MW and H2-530MW respectively,
which yields the flow values of State 1. In all cases, the vapor pressure of the fluid needs
to be monitored to provide information on if the fluid will undergo a phase change due to
pressure losses with the hydrogen vapor pressure with respect to temperature [171] graph
shown in Figure F.2. The pressure losses are calculated according to Eq. C20 with the
isenthalpic assumption guiding the temperature change. The valves are treated the same as
ducts, however, the pressure loss is instantaneous and a few of the control valves are
programmed with a proportional controller to adjust the discharge pressure according to
the AR PBM design specifications [53,54].
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Figure F.2: Hydrogen Vapor Pressure [171]

F.2.2 Boost Pump
The boost pump is modeled according to the theory described in Section C.3.1.
However, it was notified by the AR PBM model designer that the boost pump calculates
work based on an incompressible fluid [143]. Therefore, the work is calculated by the
change in pressure rather than the change in enthalpy. To calculate the efficiency, an
enthalpy-based analysis was still used. By doing so, the required pump characteristic
parameters are the physical diameter 𝐷, the change in pressure through the pump ∆𝑃, and
the specific speed 𝑛𝑠 . To match both the Boost Pump outputs to State 2 and the Boost Pump
performance parameters, the characteristic parameters are calculated using the theory from
Section C.3.1 and are summarized in Table F.16 for both H2-330MW and H2-530MW.
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AR did not report the work or the efficiency of the boost pump for the AR PBM 5.7 model.
Therefore, a thermodynamic back calculation is performed to obtain both the work and
efficiency using isentropic and actual work via enthalpy through CoolProp [32]. This yields
69.83 kW for the actual work and 30.45% for the efficiency. Since the flow rate and ∆𝑃 of
H2-330MW are higher than that of H2-530MW, it makes sense for the pump diameter to
be larger in the H2-530MW model.

Table F.16: Simulink Model Boost Pump Parameters [53,54]
Parameter
D
ΔP [53,54]
𝐧𝐬
Type

H2-330MW
10.32
[REDACTED]

H2-530MW
10.12
[REDACTED]

0.93
Francis

1.248
Francis

Unit
cm
atm
-

Based on these values, the boost pump performance maps are shown in Figure F.3
and Figure F.4 for H2-330MW and H2NTP530MW, respectively given the inputs of State
2. Each figure shows the efficiency, speed, and work for each pump as functions of the
pump ΔP and mass flow rate. In both figures, it appears that a maximum efficiency is
achieved midway through the mass flow rate axis, however, the steady state operational
point is located on the top-left edges indicating that the efficiency of this pump is not
maximized. This because the Boost Pump has a dual purpose: keep the pressure high
enough to discourage cavitation at the Main Pump inlet and provide cooldown flow through
the reactor. It also appears that lower mass flow rates with higher required pressures result
in higher speeds. This makes sense for centrifugal pumps as lower mass flow rate results
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in less fluid pushing on the fluid at the edges requiring more centrifugal force and thus
higher rotational speeds [164].

Figure F.3: Boost Pump Performance for H2-330MW

Figure F.4: Boost Pump Performance for H2-530MW
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As validation, Table F.17 and Table F.18 show the values inputted into the models
and the results of both AR PBM and the Simulink models for the 330MW and 530MW
class reactors, respectively. As shown, all the results match within 1% which is
significantly less than the 4% general guideline for aeroturbomachinery [110]. Therefore,
the boost pump will be considered to be validated.

Table F.17: H2-330MW Boost Pump Validation [53,54]
330 MW Boost Pump 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 kg/s
Power
Speed
T (K)
P (atm)
(kW)
(RPM)
Input
AR Output
Simulink
Output
Error (%)

Efficiency
(%)

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

0.02415

0

0.6320

0.01412

0.6882

Table F.18: H2-530MW Boost Pump Validation [53,54]

Input
AR Output
Simulink Output
Error (%)

Boost Pump 𝐦̇ = [REDACTED] kg/s
Power
Speed
T (K)
P (atm)
(kW)
(RPM)

Efficiency
(%)

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

0.09805

0

0.532632

0.031162

0.038695

F.2.3 Main Pumps
It is assumed that both Main Pumps are identical to each other given the similarity
in the ∆𝑃 between States 2 and 3 and States 3 and 4. The same pump characteristic
parameter types that are used for the Boost Pump are used for the Main Pumps. However,
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given the pump performance maps shown in Figure C.5, the pump efficiency of the recent
AR PBM models is not reached. Therefore, another parameter, 𝜂 – Modifier, is added
which modifies the pump efficiency. This is acceptable since the pump efficiency is
numerically extracted from the tabulated contour plot of Figure C.5, and this modifier
simply magnifies the entire plot by a constant without changing any of the trends.
Furthermore, invalid parameters are not expected given that the modifier is small enough
as to not yield efficiency values higher than 100% (less than 1.15). With this, both State 3
and State 4 conditions as well as the Main Pump performance metrics are achieved. The
summary of pump input parameters for the Main Pumps is provided in Table F.19 which
includes the efficiency modifier parameter. For conservative estimates, the modifier can be
set to 1.

Table F.19: Simulink Model Main Pump Parameters [53,54]
Parameter
D
ΔP [53,54]
𝐧𝐬
𝛈 - Modifier
Type

H2-330MW
18.4
[REDACTED]

H2-530MW
19.9
[REDACTED]

0.258
1.0836
Radial

0.2675
1.088
Radial

Unit
cm
atm
-

Based on these values, like the boost pumps, the main pump performance maps are
shown in Figure F.5 and Figure F.6 for H2-330MW and H2-530MW, respectively. The
region between the blue 55% efficiency curves in Figure F.5 and the blue 60% efficiency
curves in Figure F.6 are the areas of maximum efficiency which span from the maximum
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pressure change and maximum mass flow rate to the root of the plot at the minimum mass
flow rate and minimum pressure change. The pumps would ideally be operated within this
region during engine transients; however, the efficiency does not drop off rapidly should
deviations occur. This results in a robust pump system valid for a variety of operating
conditions. However, the graph stops short of reaching a 0 kg/s mass flow rate – a region
of reactor cooldown [172]. This is indicative of cavitation onset and the Boost Pump will
take over in this region to provide reactor cooldown. There is also a region between 2.5
kg/s and 4.75 kg/s in between 50 atm and 65 atm of pressure change in Figure F.5 that is
blank and indicates that the pump cannot be operated here due to cavitation. However,
when the mass flow rate is decreased, the pressure change throughout the pump will
decrease given the lower pressure losses. Therefore, this region is avoided and does not
affect the pump performance. A similar region is found in Figure F.6 between 4 kg/s and
6 kg/s in between 60 atm and 100 atm of pressure change.

Figure F.5: Main Pump Performance for H2-330MW
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Figure F.6: Main Pump Performance for H2-530MW

As validation, Table F.20 and Table F.21 show the values inputted into the models
and the results of both AR PBM and the Simulink models for the 330MW and 530MW
class reactors, respectively. Here, the fluid output values all agree within 1%.
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Table F.20: H2-330MW Main Pump Fluid State Output Validation [53,54]
Main Pump 1 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Input [53,54]
[REDACTED] [REDACTED]
AR Output [53,54] [REDACTED] [REDACTED]
[REDACTED] [REDACTED]
Simulink Output
0.13718315
4.68247E-05
Error (%)
Main Pump 2 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Input [53,54]
[REDACTED] [REDACTED]
AR Output [53,54] [REDACTED] [REDACTED]
[REDACTED] [REDACTED]
Simulink Output
0.7985
0.003293
Error (%)

Table F.21: H2-530MW Main Pump Fluid State Output Validation [53,54]
Main Pump 1 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬
T (K)
P (atm)
[REDACTED] [REDACTED]
Input
[REDACTED] [REDACTED]
AR Output [53,54]
Simulink Output [53,54] [REDACTED] [REDACTED]
0.23281
0.13761
Error (%)
Main Pump 2 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬
T (K)
P (atm)
[REDACTED] [REDACTED]
Input
[REDACTED] [REDACTED]
AR Output [53,54]
Simulink Output [53,54] [REDACTED] [REDACTED]
0.01771
0.05995
Error (%)
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The performance parameters are shown and compared to the AR PBM models in
Table F.22 and Table F.23 for the 330MW and 530MW class reactors, respectively. Here,
the pump work of H2-330MW model exhibits the largest error of 1.2619%. This is likely
due to using a connecting duct between the pumps and assuming the same pressure head
for both pumps. Although this error is larger than the other values, it is still deemed
acceptable according to the set error tolerance of 4% [110].

Table F.22: H2-330MW Main Pump Performance Validation [53,54]
Main Pump System Performance
Power (MW) Speed (RPM) Efficiency (%)
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
Error (%)

1.2619

0.03373

7.1813E-04

Table F.23: H2-530MW Main Pump Performance Validation [53,54]
Main Pump System Performance
Power (MW)
Speed (RPM) Efficiency (%)
[REDACTED]
[REDACTED]
[REDACTED]
AR Output [53,54]
[REDACTED] [REDACTED]
[REDACTED]
Simulink Output
0.313924453
0.219437665
0.007475083
Error (%)

F.2.4 Boost Turbine
The boost turbine is modeled according to the theory described in Section C.3.2.
By doing so, the required turbine characteristic parameters are the physical diameter 𝐷, the
pressure ratio 𝑃𝑅 at the design conditions, and specific speed 𝑛𝑠 . Both AR PBM models
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understate the amount of work that the Boost Turbine is to produce based on the work
required from the Boost Pump’s input and output fluid enthalpies. Since both water and
ammonia have a high liquid range, it is not expected to require a Boost Pump and Boost
Turbine system.
To model the Boost Turbine to provide the outputs of State 15, match the Boost
Turbine efficiency, and match with the Boost Pump speed, the characteristic parameters
are calculated by using the theory from Section C.3.2 and are summarized in Table F.24
for both H2-330MW and H2-530MW. Here, the two turbines appear to be very similar to
each other in terms of all the characteristic parameters. Although the flow rate of the
H2-330MW Boost Turbine is lower than that of the H2-530MW Boost Turbine, the
diameter is larger. This is reflected in a lower specific speed which is usually accompanied
by a larger diameter as shown in Figure C.8.

Table F.24: Simulink Model Boost Turbine Parameters
Parameter
D
Pressure Ratio
𝐧𝐬
Type

H2-330MW
8.89
[REDACTED]

H2-530MW
8.62
[REDACTED]

0.0628
Drag/Axial

0.0685
Drag/Axial

Unit
cm
-

Based on these values, the boost turbine performance maps are shown in Figure F.7
and Figure F.8 for H2-330MW and H2NTP530MW, respectively given the inputs of State
14. Each figure shows the efficiency, required mass flow rate, and the pressure ratio all as
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functions of the workload and the speed. The efficiency of the turbine is relatively even
except in the regions of very low required work. This is likely because the boost
turbomachinery is to operate during reactor shut down and cooldown events which are very
critical, therefore having an even efficiency like this will aid in predicting the required
mass flow rate into the system as seen on the bottom left graph of Figure F.7 and Figure
F.8. In these performance maps, the pressure ratios increase with both workload and speed
as an efficiency curve is followed which is what is expected as the required enthalpy
extracted is increased according to Eq. C.55. As the shaft speed goes down, the mass flow
rate goes up while work stays constant. This can also be described by Eq. C.55 since both
the specific speed and enthalpy change are kept as constant. In general, this performance
map can be used to trace a transient performance curve and aid in the design of the engine
transient operation using this in tandem with the performance maps for the pumps.

Figure F.7: Boost Turbine Performance Map for H2-330MW
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Figure F.8: Boost Turbine Performance Map for H2-530MW

Table F.25 and Table F.26 show the comparison of the output states of the
H2-330MW with AR PBM 5.7 and H2-530MW with AR PBM 2092021, respectively.
Here, despite changing the input pressure of State 14, State 15 is still achieved and so is
the efficiency for both models. All errors fall within 2%, which is lower than the allowable
4% error [110].

Table F.25: H2-330MW Boost Turbine Validation [53,54]

[REDACTED]

[REDACTED]

𝐦̇ required
-

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

T (K)
Input [53,54]
AR Output [53,54]
Simulink Output
Error (%)

Boost Turbine
P (atm)

1.03809

0
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0.64994

Efficiency (%)
-

0.00030303

Table F.26: H2-530MW Boost Turbine Validation [53,54]

𝐦̇ required

Efficiency (%)

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

1.17712

0.00013

1.7575662

0.019444444

T (K)
Input [53,54]
AR Output [53,54]
Simulink Output
Error (%)

Boost Turbine
P (atm)

[REDACTED]

[REDACTED]

[REDACTED]

F.2.5 Main Turbines
It is assumed that both Main Turbines are identical to each other as no information
was found from the AR PBM models that would suggest otherwise. The same turbine
characteristic parameter types that were used for the Boost Turbine are used for the Main
Turbines. Unlike the Boost Turbine, no discrepancies are found between the work provided
by the Main Turbines and the fluid enthalpy. This is important since these are critical
components in this research. Just as in the Boost Turbine, the Main Turbine parameters are
calculated by using the theory from Section C.3.2 and shown in Table F.27. Here, the
parameters of the turbines for both engine models are very similar and could suggest that
AR used the same Main Turbines for both models with the pressure ratio adjusted by the
valves. However, to stay consistent with the reference models, the turbines will be assumed
to be different.
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Table F.27: Simulink Model Main Turbine Parameters [53,54]
Parameter
D
Pressure Ratio [53,54]
𝐧𝐬
Type

H2-330MW
11.17
[REDACTED]

H2-530MW
11.25
[REDACTED]

0.3943
Drag/Axial

0.4079
Drag/Axial

Unit
cm
-

Based on these values, the Main Turbines performance maps are shown in Figure
F.9 and Figure F.10 for H2-330MW and H2NTP530MW, respectively, given the inputs of
State 16. Unlike the efficiency of the Boost Turbines, the Main Turbines show a much
larger range of efficiencies with the highest efficiency occurring at the low workload, highspeed region and extending into the high workload, high-speed region. It is very likely that
the Main Turbines will not function consistently at the low work regions as the Boost Pump
would suffice, however, the higher efficiency at the high work and high pump speed region
is desirable, especially for the H2-530MW. This is because the mass flow rate is limited
and the TBCV already has mass flow rate that is lower than the desired 10% from general
guidelines [134] at steady state. Since the two engines have very similar schematics and it
is likely that the turbines in both AR PBM 5.7 and AR PBM 2092021 are the same, the
Main Turbine performance maps are also similar. The same general trends are observed in
the Main Turbine performance maps as were in the Boost Turbine performance maps.
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Figure F.9: Main Turbine Performance Map for H2-330MW

Figure F.10: Main Turbine Performance Map for H2-530MW
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The outputs of the Main Turbines are validated against those of the AR PBM
models as shown in Table F.28 and Table F.29 for the H2-330MW and H2-530MW engine
models, respectively. Here, the Main Turbines provide the values of State 17 within an
error of 1% given the input values of State 16. The accuracy of this result is significant as
it confirms that both the technical theory and methodology of Appendix C are correct and
could be used to design turbines with varying flow conditions, pressure ratios, and fluids.

Table F.28: H2-330MW Main Turbine Validation [53,54]
Main Turbines
T (K)
P (atm)
Input [53,54]
AR Output [53,54]
Simulink Output
Error (%)

[REDACTED]

[REDACTED]

𝐦̇ required
-

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

0.15373

0.02061

0.7132

0

Efficiency (%)
-

Table F.29: H2-530MW Main Turbine Validation [53,54]
Main Turbines
T (K)
P (atm)

Input [53,54]
AR Output [53,54]
Simulink Output
Error (%)

𝐦̇ required
[REDACTED] [REDACTED]
-

Efficiency (%)
-

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

0.11532

0.00219

0.3584164

0
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F.2.6 Regenerative Cooling
The Regenerative Cooling of the nozzle will implement individual flow channels
with constant cross sectional flow area in a GRCop-42 material. Since it is expected for the
temperature to vary throughout the nozzle based on compressible flow theory of gas
expansion through nozzles, variable thermal conductivity throughout the material must be
implemented. Figure F.11 shows the thermal conductivities of copper based alloys [173]
which was used to extract data and fit it on a spline curve using a third-party MATLAB
function GRABIT [174].

Figure F.11: Thermal Conductivity of Wrought GRCop Alloys and Pure Copper [173]
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The temperature and pressure of the plume is calculated by using Eq. C.1 and Eq.
C.2, respectively and the Mach number is determined along the nozzle flow using Eq. C.4.
Furthermore, the mass flow rate for the entire model would be locked in by the maximum
mass flow rate at the throat given by Eq. C.5. Since the fluid properties change as the fluid
flows through the nozzle, a weighted average of the ratio of specific heats 𝛾 is determined.
This is done by validating against NERVA nozzle flow parameters [111] since the nozzle
exit conditions were not made available in the AR PBM engine models. It is found that the
weights should be 0.68 in favor of the chamber 𝛾 and 0.32 in favor of the exit 𝛾. This makes
sense since the flow through the nozzle is neither frozen (the chamber 𝛾 would have a
weight of 1) nor in equilibrium (both the chamber 𝛾 and exit 𝛾 would have weights of 0.5),
but somewhere in the middle.
The nozzle geometry is determined by examining a CAD model of the NTP engine
designed by AR using proportions of length to pixels in the image and the nozzle values
found in the AR PBM models, thus allowing the nozzle radius to be fitted by parabolic
curve as a function of length from the throat [26]. From this, it is determined that the nozzle
length from throat to exit is 4.606 m and the coolant channels run 1.038 m below and
0.448 m above the throat. Figure 5.4 shows the CAD drawing of the engine used to
determine these dimensions. Table F.30 shows the nozzle parameters used for each engine
architecture including the scaling factors for the velocity and temperature of the plume
when it contacts the skin of the inside of the nozzle. The temperature scaling factor
remained the same from validated previous work [57].
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Figure F.12: Aerojet Rocketdyne NTP CAD Drawing [26]
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Table F.30: Simulink Model Regenerative Cooling Nozzle Parameters [53,54]
Parameter
𝐝𝐭𝐡𝐫𝐨𝐚𝐭 [53,54]
𝐝𝐞𝐱𝐢𝐭 [53,54]
Area Ratio [53,54]
Channel Height
Channel Width
Num Channels
Channel Roughness

H2-330MW
[REDACTED]
[REDACTED]
[REDACTED]

H2-530MW
[REDACTED]
[REDACTED]
[REDACTED]

4.75
10
32
82.8

4.554
10
38
87

Unit
m
m
mm
mm
μm

The Regenerative Cooling channel geometry is assumed to have a rectangular cross
section as this is the geometry that was used in testing the GRCop-42 alloy in a PJ038 test
series totaling 8,030 seconds of test time [173]. The number of channels, channel width,
channel height, and channel roughness are adjusted to match the heat transfer, temperature,
and pressure values of the AR PBM models by using the appropriate heat transfer and
pressure loss equations from Section C.2 depending on the fluid phase. It is assumed that
the heat transfer occurs through only a single side of the channel which corresponds to the
side across which the plume flows. The other sides are modeled as adiabatic since the
temperature of the fluid is too low to produce any significant radiative heat transfer effects
in comparison to the plume convective heat transfer [141]. Furthermore, the thermal
conductivity of the material is very high resulting in relatively even thermal gradients.
Higher fidelity could be achieved by implementing a two-dimensional finite difference
solution of the material conduction heat transfer given boundary conditions of the plume,
channel flow, and outer surface radiation, however, it is expected that the improvement
will only be marginal.
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Using this approach, Eq. F.9 through Eq. F.11 are derived using the convective heat
transfer through a tube (Eq. C.43) and heat transfer through a cylindrical layer (Eq. C.45)
formulations with the derivation shown in previous work [57]. These equations are then
solved simultaneously to find the temperatures of the channel (outside of the nozzle) 𝑇𝑜 ,
nozzle (inside) 𝑇𝑖 , and coolant exit 𝑇𝑒 , respectively. Here, ℏ𝑝 is the convective HTC of the
plume, ℏ𝑐 is the convective HTC of the channel flow, 𝐴𝑠 𝑖 is the surface area of the inside
of the nozzle, 𝐴𝑠 𝑜 is the heat transfer area of the channel, 𝑑 is the diameter of the nozzle at
the location of the solution, and 𝑡𝑛𝑜𝑧 is the thickness of the material between 𝐴𝑠 𝑖 and 𝐴𝑠 𝑜 .
The inputs required include the coolant inlet 𝑇𝑖 and the adjusted plume 𝑇𝑝 temperatures.
Therefore, the solution to the channel flow will require the upwind scheme where the
solution is based on the previous result. From this, the values of the AR PBM models are
achieved and the results for the temperature distributions and pressure losses shown in
Figure F.13 and Figure F.14 for the H2-330MW and H2-530MW engines, respectively.

𝑇𝑜 =

𝑇𝑒 exp[ℏ𝑝 𝐴𝑠 𝑖 (𝑇𝑝 − 𝑇𝑖 ) + ℏ𝑐 𝐴𝑠 𝑜 (𝑇𝑒 − 𝑇𝑖 )] − 𝑇𝑖
exp[ℏ𝑝 𝐴𝑠 𝑖 (𝑇𝑝 − 𝑇𝑖 ) + ℏ𝑐 𝐴𝑠 𝑜 (𝑇𝑒 − 𝑇𝑖 )] − 1

𝑇𝑖 =

𝑑 + 2𝑡𝑛𝑜𝑧
)
𝑑
𝑑 + 2𝑡𝑛𝑜𝑧
2𝜋𝐾𝐿 + ℏ𝑝 𝐴𝑠 𝑖 𝑙𝑛 (
)
𝑑

2𝜋𝐾𝐿𝑇𝑜 + 𝑇𝑝 ℏ𝑝 𝐴𝑠 𝑖 𝑙𝑛 (

𝑇𝑒 = 𝑇𝑜 − (𝑇𝑜 − 𝑇𝑖 )exp (−

ℏ𝑐 𝐴𝑠 𝑜
)
𝑚̇𝑐𝑝

F.9

F.10

F.11

In all the plots depicted in these figures, the black dashed line indicates the throat.
As discussed previously, the heat source is the convective heat transfer from the plume
indicated by the red curves. It can be seen how the maximum heat transfer occurs at the

301

throat region which is indicated by the spikes in the nozzle and coolant channel
temperatures. This causes the coolant temperature to rise more in the throat area than in
any other area. Other than the throat region, the nozzle and coolant channel temperatures
are very close to each other given the high thermal conductivity of the material, thus
justifying the omission of a two-dimensional finite difference analysis on the material
thermal distribution. Due to the channels having a uniform cross-sectional area, there are
no areas of extreme pressure losses. Given the similarity in the engine architectures, both
H2-330MW and H2-530MW Regenerative Cooling results look very similar to each other
with the biggest difference being the magnitude of the pressure inside the channels.

Figure F.13: Nozzle Temperature and Pressure Distributions for H2-330MW
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Figure F.14: Nozzle Temperature and Pressure Distributions for H2-530MW

The outputs of the Regenerative Cooling channels for both engine models are
compared with State 11 of the AR PBM models given the input values from State 10. This
comparison is shown in Table F.31 and Table F.32 for the H2-330MW and H2-530MW
engine models, respectively. Here, the error does not exceed 0.15%.

Table F.31: H2-330MW Regenerative Cooling Validation [53,54]
Regenerative Cooling 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Power (MW)
[REDACTED] [REDACTED]
Input [53,54]
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
0.12345
0.05273
0.144166667
Error (%)
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Table F.32: H2-530MW Regenerative Cooling Validation [53,54]
Regenerative Cooling 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Power (MW)
[REDACTED] [REDACTED]
Input [53,54]
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
0.01111
0.01182
0.071938776
Error (%)

F.2.7 Reactor
The propellant gains most of its thermal energy within the fuel element flow
section. The heat absorbed by the propellant at each point along the flow is government by
the neutronics conveniently worked out by BWXT and provided in detail in Appendix E.
This curve is valid not only for the main fuel elements but also for the control drums and
moderator elements once the curve has been scaled according to the respective values
found on the bottom three rows of Table E.1 [54,130]. A convoluted discussion on the
channel roughness for the reactor elements was found in [REDACTED] [52–54,113,175]
which did not conclude the roughness value of any of the channels nor did any of the AR
PBM models specify the roughness value or if any was used.

F.2.7.1 Main Fuel Elements
The radial power distribution inside the reactor can be assumed to be relatively even
when compared to the axial power distribution according to BWXT and the supporting
figures of Appendix E [130]. Therefore, the flow through the reactor through each channel
should have the same heat transfer characteristics. It follows that only the consideration of
a single channel should be made which will yield both the outlet temperature and pressure
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for all fuel elements. Furthermore, it can be assumed that the outlet conditions of a single
fuel element channel will result in the nozzle chamber conditions according to the engine
schematic [53,54].
The mass flow rate of a single channel is calculated by dividing the total mass flow
rate by the total number of channels across all the fuel elements. The incoming enthalpy is
recorded, and a loop is started to encompass the 1 cm resolution in the axial direction. The
static temperature and pressure are found by using Eq. F.7 and Eq. F.8 which are then used
to determine the fluid properties using CoolProp [32] for the node being evaluated. The
friction factor from Eq. C.13, convective HTC from Eq. C.10, and pressure loss from
Eq. C.17 are calculated based on the provided fuel element parameters from Table E.1 and
an assumed roughness value. The roughness value is adjusted to meet the required outlet
conditions of State 22 given the input conditions of State 21 which came out to be 56.7 μm
and 40.5 μm for H2-330MW and H2-530MW, respectively, which are both within the
considered roughness band between [REDACTED] μm and [REDACTED] μm [52–
54,113,175]. It is very likely that due to the ever-changing assumptions of the work in
progress of the AR PBM models, that both the channel roughness and channel diameters
were changed throughout the models. However, for the H2-330MW and H2-530MW
models, the fuel element geometry is kept the same which is reflected in the difference in
the channel roughness.
To obtain the actual value input into the fluid from the power peaking curve, the
curve is normalized to have a maximum value of 1 and the fraction of the total heat is
calculated based on the location of the node and its corresponding length. This ensures that
the sum of all the heat fractions is equal to 1. This fraction is further modified by the
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fraction of heat allocated to the fluid from Table E.1 as well as divided by the total number
of channels. The resulting heat is then added to the stagnation enthalpy of the fluid. This
enthalpy, along with the stagnation pressure prior to undergoing pressure losses in the
channel, are used to calculate the fluid temperature using CoolProp [32]. The pressure
losses are calculated based on this temperature which will result in a more conservative
expectation for pressure losses. However, given that the resolution is 1 cm and the
temperature rise is only a few Kelvin per node, the difference between calculating pressure
losses before or after adding heat to the fluid should be negligible. The reactor power is
then adjusted to force the fuel element outlet temperature to match the desired outlet
temperature.
It appeared that the AR PBM models incorporated hydrogen moderation effects
which yielded a slightly higher apparent heat transfer value to increase the fluid enthalpy
than reported. This resulted in about a 2% and 2.02% increase in heat than the reported
value for the AR PBM 5.7 and AR PBM 2092021 engine models, respectively. A study on
the heat absorbed by hydrogen from these moderation effects was conducted by the
National Institute of Standards and Technology (NIST) which calculated this attenuation
to be anywhere up to 14.29% [166]. Given this information, the reported reactor power
required to heat the propellant is adjusted accordingly.
The surface temperature 𝑇𝑠 of the channel is calculated by using Eq. C.41 which is
based on the temperatures of the fluid coming in and going out of the node as well as the
heat transfer for the node. The other parameters such as the convective HTC, mass flow
rate, fluid properties, and channel geometry are either known or have already been
calculated as mentioned previously.
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According to Section C.2.4, the location of the maximum fuel temperature
calculated by finding the total cross-sectional area of the fuel in the fuel element 𝐴𝑓 given
the fuel element diameter 𝑑𝑓 , the number of channels 𝑛, and the channel internal diameter
𝑑𝑐 𝑖 . This area is divided by 𝑛 as shown in Eq. (F.1), thus giving the cross-sectional area of
the fuel per channel 𝐴𝑓 . The virtual outer diameter of the channel 𝑑𝑐 𝑜 is then found by
𝑐

forcing 𝐴𝑓 to equal the outer area around the flow channel as shown in Eq. (F.2). Although
𝑐

this is not a high-fidelity calculation method, it will still yield results with a small error
[59]. Again, the dimensions 𝑑𝑐 𝑖 and 𝑑𝑐 𝑜 of the fuel element along with the number of
channels 𝑛 are found in Table E.1.
𝐴𝑓 =

𝐴𝑓

𝑐

𝜋 2
𝜋
(𝑑𝑓 − 𝑛𝑑𝑐2 𝑖 ) → 𝐴𝑓 =
(𝑑 2 − 𝑛𝑑𝑐2 𝑖 )
𝑐
4
4𝑛 𝑓

𝑑𝑓2 − 𝑛𝑑𝑐2 𝑖
𝜋
𝜋 2
2
2
2
√
=
(𝑑 − 𝑛𝑑𝑐 𝑖 ) = (𝑑𝑐 𝑜 − 𝑑𝑐 𝑖 ) → 𝑑𝑐 𝑜 =
+ 𝑑𝑐2 𝑖
4𝑛 𝑓
4
𝑛

The maximum fuel temperature 𝑇𝑓

𝑚𝑎𝑥

(F.1)

(F.2)

is then found by using Eq. C.43, although

not directly as the average thermal conductivity, which is based on the average temperature,
is not readily known without knowing both the maximum fuel temperature and surface
temperature. Therefore, the thermal conductivity function, which is a spline fit of the
curves found in Figure E.3, was used within Eq. C.46 which incorporated the average of
the two temperatures 𝑇𝑎𝑣𝑔 . Since the geometry is cylindrical, a direct average is improper
to use, therefore a weighted average of the circumferences, which is reduced to diameters,
for each respective temperature was used and is shown in Eq. (F.3).

307

𝑇𝑎𝑣𝑔 =

𝑑𝑐 𝑖 𝑇𝑠 + 𝑑𝑐 𝑜 𝑇𝑓
𝑑𝑐 𝑖 + 𝑑𝑐 𝑜

𝑚𝑎𝑥

(F.3)

Based on what was discussed in this section, the temperature distribution of the
propellant and channel surface as well as the maximum fuel temperatures at each node with
the accompanying pressure losses have been plotted along the axis of the reactor. These
results are shown in Figure F.15 and Figure F.16 for the H2-330MW and H2-530MW
engines, respectively. Here, the pressure losses in both cases become higher as the fluid
temperature rises due to the decrease in density and, consequentially, an increase in
velocity. Furthermore, the H2-530MW model exhibits higher pressure losses and a lower
temperature difference between the surface and the propellant. Both are due to a higher
flow rate resulting from the increase in flow cross-sectional area disproportional to the
mass flow rate increase. The decrease in the temperature difference is due to an increase in
the convective HTC as it becomes higher with a higher Reynolds’ number because of the
higher flow velocity.

Figure F.15: Fuel Element Temperature and Pressure Distributions for H2-330MW
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Figure F.16: Fuel Element Temperature and Pressure Distributions for H2-530MW

The values from State 21 are inputted into the fuel element components and the
outputs are compared with the AR PBM models in Table F.33 and Table F.34 for the
H2-330MW and H2-530MW engine models, respectively. All the values are within 1%
error. The largest error is exhibited by the H2-330MW maximum fuel temperature
𝑇𝑓𝑢𝑒𝑙

𝑚𝑎𝑥

. This is likely due to the previously discussed lower velocity yielding lower

convective HTC. The fluid does not absorb the heat from the reactor as effectively resulting
in the higher temperature. This results in a conservative estimate and is favorable in an
analysis of this type.
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Table F.33: H2-530MW Fuel Element Validation [53,54]
Fuel Elements 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
𝑻𝒇𝒖𝒆𝒍
(K)
T (K)
P (atm)

Power (MW)

𝒎𝒂𝒙

Input [53,54]
AR Output [53,54]
Simulink Output
Error (%)

[REDACTED]

[REDACTED]

-

-

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

0.06296

0.1053

0.5280

0.009241

Table F.34: H2-530MW Fuel Element Validation [53,54]
Fuel Elements 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]

Input [53,54]
AR Output [53,54]
Simulink Output
Error (%)

𝑻𝒇𝒖𝒆𝒍

(K)

T (K)

P (atm)

[REDACTED]

[REDACTED]

-

-

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

[REDACTED]

0.001110

0.03553

0.01774

0.007622

𝒎𝒂𝒙

Power (MW)

F.2.7.2 Moderator Cooling
The parameters of the moderator block from Table E.1 are used. The same process
was used for calculating the propellant and surface temperatures as well as the pressure
losses for each node as was described in the previous section. The roughness was adjusted
to force the outlet conditions to match that of State 8 given the input values of State 7. This
resulted in roughness values of [REDACTED] μm and [REDACTED] μm for the H2330MW and H2-530MW engine models, respectively. These values are again within the
valid range of roughnesses considered by the Space Nuclear Propulsion program [52–
54,113,175].
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The results of the moderator thermofluids model are shown in Figure F.15 and
Figure F.16 for the H2-330MW and H2-530MW engine models, respectively. The crosssectional area that is available for the propellant is also disproportional in the moderator
block producing higher velocities in the H2-530MW model and resulting in the observed
higher pressure losses and lower temperature difference between the propellant and
surface.

Figure F.17: Moderator Temperature and Pressure Distributions for H2-330MW
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Figure F.18: Moderator Temperature and Pressure Distributions for H2-530MW

Values from State 7 are inputted into the Moderator Block components and the
outputs are compared with that of State 8 from the AR PBM engine models as shown in
Table F.35 and Table F.36 for H2-330MW and H2-530MW engine models, respectively.
Here, the relative error is less than 0.1% for all values.

Table F.35: H2-330MW Moderator Block Validation [53,54]
Moderator Block 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Power (MW)
[REDACTED] [REDACTED]
Input [53,54]
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
0.001130
0.004880
0.01127
Error (%)

312

Table F.36: H2-530MW Moderator Block Validation [53,54]
Moderator Block 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Power (MW)
[REDACTED] [REDACTED]
Input [53,54]
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
0.001840
0.07751
0.0004592
Error (%)

F.2.7.3 Control Drum/Reflector Cooling
The number of Control Drums for each reactor class are used from Table E.1. The
diameter for the channels going through the control drums were not provided. It is assumed
that the number of control drums equals the number of control drum cooling channels.
Furthermore, it is assumed that the channel diameter are the same for both reactor classes
and the roughness could vary within the limits described previously [52–54,113,175].
Again, the same process is used for calculating the propellant and surface temperatures as
well as the pressure losses for each node as was described in the previous two sections.
The roughness was adjusted to force the outlet conditions to match that of State 12 given
the input values of State 11. This resulted in a channel diameter of 1.025 cm for both the
engine models and roughness values of 10.2 μm and 19.3 μm for H2-330MW and
H2-530MW engine models, respectively.
The results of the control drum thermofluids model are shown in Figure F.19 and
Figure F.20 for the H2-330MW and H2-530MW engine models, respectively. The
cross-sectional area that is available for the propellant to flow through is again
disproportional in the control drums producing higher velocities in the H2-530MW model
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and resulting in the observed higher pressure losses and lower temperature difference
between the propellant and surface. This lower temperature difference is even more
obvious in the case of the control drums since the channel diameters are almost an order of
magnitude larger than the fuel elements and moderator block channel diameters.
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Figure F.19: Control Drum Temperature and Pressure Distributions for H2-330MW

Figure F.20: Control Drum Temperature and Pressure Distributions for H2-530MW
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Values from State 11 are inputted into the Moderator Block components and the
outputs are compared with that of State 12 from the AR PBM engine models as shown in
Table F.37 and Table F.38 for H2-330MW and H2-530MW engine models, respectively.
Here, the relative error is less than 1% for all values.

Table F.37: H2-330MW Moderator Block Validation [53,54]
Control Drums 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Power (MW)
[REDACTED] [REDACTED]
Input [53,54]
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
0.01662
0.02200
0.07178
Error (%)

Table F.38: H2-530MW Moderator Block Validation [53,54]
Control Drums 𝐦̇ = [REDACTED] 𝐤𝐠/𝐬 [53,54]
T (K)
P (atm)
Power (MW)
[REDACTED] [REDACTED]
Input [53,54]
AR Output [53,54] [REDACTED] [REDACTED] [REDACTED]
[REDACTED] [REDACTED] [REDACTED]
Simulink Output
0.006630
0.0006100
0.12685
Error (%)

F.3

Validation of Simulink Reference Engine Models
Each major component described in Section F.1 is validated by comparison

individually against the AR PBM data in Table F.1 and Table F.6 as it was coded and tuned.
Table F.39 and Table F.41 show the summary of the AR PBM model states compared with
the Simulink H2-330MW and H2-530MW model component states, respectively. These
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tables also include the relative errors. Both the H2-330MW and H2-530MW models do not
exhibit errors over the 4% error tolerance [110]. Table F.40 and Table F.42 show the KPPs
for H2-330MW and H2-530MW models, respectively, and their error with respect to the
AR PBM models. Again, all the errors are within the 4% error tolerance.

Table F.39: H2-330MW Integrated State Validation
AR PBM 5.7 [53,54]

T%
Error

P%
Error

1

0.0006

1.00E-11

0.0486

2

0.0006

0.0245

0.0192

3

0.0006

0.342

0.6

4

0.0006

0.840

0.676

5

0.0006

0.867

0.676

6

0.0005

0.867

0.647

7

0.0005

3.529

0.966

8

0.0005

0.626

0.656

9

0.0008

0.867

0.625

10

0.0008

2.147

0.553

0.0008

0.014

0.575

0.0008

0.146

0.654

13

0.0006

0.182

0.654

14

0.173

0.229

2.682

15

0.173

0.240

2.413

16

0.747

0.182

0.449

17

0.747

0.470

0.428

18

2.829

0.182

0.535

19

2.829

0.601

0.933

20

0.0005

0.147

0.924

21

0.0005

0.0913

0.924

22

0.0005

0.0009

0.0005

11
12

T (K)

P (atm)

[REDACTED]

m
(kg/s)

Comparison
m%
Error

States

m
(kg/s)

H2-330MW
T (K)

P (atm)

[REDACTED]
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Table F.40: H2-330MW KPP Validation

Parameter
Thrust (klbf)
Isp (s)
m (kg/s)
Q tot (MW)
Q FE (MW)
Q MB (MW)
Q CD (MW)
Tf max (K)
W BP (kW)
n BP (%)
n BT (%)
BP Speed (RPM)
W MP (kW)
n MP (%)
n MT (%)
MP Speed (RPM)

AR PBM 5.7
[53,54]

H2-330MW

[REDACTED] [REDACTED]
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Comparison (%)
0.134
0.278
0.00133
0.106
0.105
0.105
0.178
0.681
0.682
0.688
0.00430
0.0141
1.580
0.00268
0.192
0.0259

Table F.41: H2-530MW Integrated State Validation
AR PBM 2092021 [1,2]
States
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

m
(kg/s)

T (K)

P
(atm)

[REDACTED]

H2-530MW
m
T (K)
(kg/s)

P
(atm)

[REDACTED]
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Comparison
m%
Error
0.0094
0.0094
0.0094
0.0094
0.0094
0.0160
0.0160
0.0160
0.0050
0.0050
0.0050
0.0050
0.0094
1.206
1.206
0.173
0.173
0.548
0.548
0.0094
0.0094
0.0094

T%
P%
Error Error
0.0000 0.121
0.0880 0.0592
0.0777 0.289
0.0467 0.856
0.491 0.860
0.491 0.820
0.149 0.805
1.168 0.865
0.491 0.787
2.865 0.706
0.258 0.765
0.239 0.865
0.252 0.865
0.325 0.630
0.294 1.172
0.252 0.666
0.900 0.583
0.252 0.770
1.363 0.192
0.898 0.191
1.0379 0.187
0.0031 0.0069

Table F.42: H2-530MW KPP Validation
Parameter
Thrust (klbf)
Isp (s)
m (kg/s)
Q tot (MW)
Q FE (MW)
Q MB (MW)
Q CD (MW)
Tf max (K)
W BP (kW)
n BP (%)
n BT (%)
BP Speed (RPM)
W MP (kW)
n MP (%)
n MT (%)
MP Speed (RPM)

AR PBM 2092021

H2-530MW

[REDACTED] [REDACTED]
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Comparison (%)
0.0407
0.168
0.00504
0.136
0.0952
0.136
0.263
0.0418
0.533
0.0387
0.564
0.0326
0.416
0.0732
0.147
0.168

APPENDIX G
Material Limitations
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G.1 Water Interactions with A-NTP Cladding Materials
It is important to gauge the maximum possible performance with the current
understanding of modern materials and water reactions at the A-NTP temperatures and
pressures with those materials. To use water in an A-NTP engine and still produce a 𝐼𝑠𝑝
comparable to that of the best chemical engines, the required reactor outlet temperature
would have to be 3500 K, just under the melting point of tungsten and above the melting
points of current nuclear fuels [176]. Furthermore, all metals except beryllium react with
water [177] by oxidization at temperatures above 800-1200 K at atmospheric pressures
[178–180]. Water oxidation of metals is also a function of pressure, but it is specific to the
type of metal being oxidized. In all cases independent of temperature, pressure, and
material, once an oxidation layer is formed, it progresses through the material much more
slowly than during the onset of oxidation. [181] This will form a protective coating of
oxidized material between water and the base material. However, given the high flow
velocities characteristic of all NTP engines due to small channels, this protective coating
will be flushed away exposing the base material.
If a bare fuel were used, specifically the commonly considered uranium dioxide
UO2, even though it is already oxidized, oxidation will still be an issue since oxygen tends
to diffuse into uranium dioxide and form U3O8 which will degrade the fuel element at very
high temperatures [182]. Therefore, a coating or cladding material is essential for a water
A-NTP engine. Zuppero considered zirconium carbide due to its widespread use during the
time the study was performed. However, this material has led to reactor failures during
emergency events as it oxidizes and degrades too quickly at the high temperatures
characteristic of these emergencies in order for any response to be made.
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A material that is currently considered for the next generation reactors is silicon
carbide SiC. This material is an excellent cladding candidate for water A-NTP engines as
it has shown to be resistant to oxidization and can protect the fuel underneath.
[84,136,183,184]. The Silicon Carbide Handbook mentions that it has superior oxidation
resistance up to 1473 K when compared to zirconium carbide [83]. Furthermore, the
recession rate at nuclear reactor pressures (20-80 atm), mass fluxes (100-500 kg/m2), and
SiC surface temperature of 1400 K would be 1.75 μm/h maximum [83,136–138]. Given
that the currently considered coating for H-NTP reactors is [REDACTED] μm thick
[169,185], this would yield a cladding operational life of 28.57 hours based on the recession
rate and cladding thickness. Thus, this sets a T limit for the cladding that needs to be
considered for water A-NTP engines using the SiC cladding. The conservative 1400 K
surface temperature is expected to yield higher chamber temperatures than those attained
from using Zuppero’s 1100 K surface temperature. This is the case because there will be a
higher temperature gradient between the cladding surface and the propellant thus resulting
in higher heat transfer which will yield somewhat of an improvement to the Isp.
Higher surface temperatures could be achievable up to 2473 K, however, the
recession rate at the previously mentioned reactor conditions would be 10 μm/h [136]
resulting in a cladding operational life of 5 hours if the same cladding thickness of 50 μm
is considered. This will provide another T limit to consider for water A-NTP engines.
These two T limits provide bounding cases on the cladding for analyzing water A-NTP
engines which correspond to the two different engine and vehicle design approaches:
maximizing the specific impulse at the expense of reducing the engine operational life and
maximizing the engine operational life at the expense of specific impulse.

323

G.2 Fuel Endurance
Another T limit that needs to be considered is the endurance of the fuel itself.
Figure 4.4 showed the results of a study done on core longevity at different reactor
temperatures for different fuels. The baseline BWXT fuel is a carbide fuel with a design
maximum allowable fuel temperature of 2850 K [26]. Figure 4.4 showed that there is a
range of temperatures within which the carbide fuel can be expected to operate for a
number of hours.
Based on the data from Figure 4.3, the carbide fuel trends were averaged,
extrapolated, and plotted in Figure G.1. Linear extrapolation was used (shown in green) to
provide a conservative estimate of the data even though the limited amount of data (shown
in black) available suggests an exponential trend. Therefore, the results of this research will
yield conservative estimates on the fuel operation expected life with real world results
likely yielding longer operational times at a given temperature.
The amount of uranium available in the reactors considered in this study, as
discussed in Chapter 4, will not yield an operational life over 40 hours at the lowest
expected power levels. Therefore, the maximum fuel temperature that will result in
matching E with T will be 2375 K, thus providing the required 40 hours of operation. As
a comparison, by operating the reactor at the maximum design fuel temperature of 2850 K,
the maximum operational reactor time would be 17 hours. This is consistent with BWXT’s
requirement that the fuel life at this temperature must be at least [REDACTED] hours
[54,63,113,130]. However, cladding limitation times will still need to be included as
discussed previously.
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Figure G.1: Extrapolated Fuel Endurance

325

APPENDIX H
Engine Details
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This appendix has been abridged as the total length is 286 pages. Please contact the
UAH PRC at https://www.uah.edu/prc/contact-us to access the full-length version of this
appendix. This appendix is located on the CSIL drive in this directory:
Y:\Restricted\Nuclear

Propulsion\Alternative

Propellant

NTP

Nikitaev

Dissertation\Nikitaev Appendix H.
This abridged appendix will present the information for the H2OExp330-2400-15
engine to demonstrate the type of data that is available in the full-length version of this
appendix. The summarized data of Appendix H is shown in Figure 5.4 for expander cycles
and Figure 5.5 for bleed cycles.
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H.1 Steady State Performance Parameters
The steady state performance parameters section shows the KPPs in Table H.1.1
and state points in Table H.1.2 of each engine at the steady state mode of operation. This
section also features the design parameters which were modified from engine to engine to
achieve these steady state parameters shown in Table H.1.3.
Table H.1.1: H2O-Expander-330MW-15klbf-2400K Performance Parameters
Parameter
𝑄̇𝑡𝑜𝑡
𝐹𝑇 𝑘𝑁
𝐹𝑇 𝑘𝑙𝑏𝑓
𝐼𝑠𝑝
𝑚̇𝑡𝑜𝑡
𝑄̇𝑚𝑎𝑖𝑛
𝑇𝑓

Value
162.364
67.4143
15.1553
318.196
21.5457
93.0026

𝑇𝑠 𝑚𝑎𝑥
𝑚𝑎𝑖𝑛
𝑄̇𝑝𝑟𝑒

2399.95 K
60.3516 MW

𝑚𝑎𝑥 𝑚𝑎𝑖𝑛

𝑇𝑓

𝑚𝑎𝑥 𝑝𝑟𝑒

𝑇𝑠 𝑚𝑎𝑥

𝑝𝑟𝑒

𝑄̇𝑀𝐸
𝑇𝑠 𝑚𝑎𝑥
𝑀𝐸
̇
𝑄𝐶𝐷
𝑇𝑠 𝑚𝑎𝑥
𝐶𝐷

𝑊𝑝𝑢𝑚𝑝1
𝜂𝑝𝑢𝑚𝑝1
𝑊𝑝𝑢𝑚𝑝2
𝜂𝑝𝑢𝑚𝑝2
𝑊𝑝𝑢𝑚𝑝3
𝜂𝑝𝑢𝑚𝑝3
𝜔
𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠
𝜂𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠
𝑃𝑠𝑦𝑠 𝑚𝑎𝑥

Units
MW
kN
klbf
sec
kg/s
MW

2453.3 K

1014.4 K

Description
Total Reactor Power
Thrust in kiloNewtons
Thrust in kiloPound Force
Specific Impulse
Total Mass Flow Rate
Main Propellant Heating Power
Max Main Fuel Temperature
Max Main Surface Temperature
Propellant Pre-Heating Power
Max Pre-Heating Fuel Temperature

901.181 K
7.18685 MW

Max Pre-Heating Surface Temperature
Moderator Block Heating Power

435.606 K
1.82335 MW

Max Moderator Block Surface Temperature
Control Drum Heating Power

413.829
191.278
77.8352
170.86
77.9114
170.145
77.9854
41600.7
683.223
66.5314
263.77

Max Control Drum Surface Temperature
Pump 1 Power
Pump 1 Efficiency
Pump 2 Power
Pump 2 Efficiency
Pump 3 Power
Pump 3 Efficiency
Turbomachinery Speed
Turbine System Power
Turbine System Efficiency
Max System Pressure

K
kW
%
kW
%
kW
%
RPM
kW
%
atm
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Table H.1.2: H2O-Expander-330MW-15klbf-2400K States
States
1
2
3
4
5
6
7
8
9
10
11
12
13
14

𝐦̇ (kg/s)
21.54573
21.54573
21.54573
21.54573
21.54573
21.54573
3.157935
3.157935
18.3878
18.3878
21.54573
21.54573
21.54573
21.54573

T (K) P (atm)
300 0.9998
301.81 263.77
332.65 260.25
353.18 256.59
433.64 254.02
856.19 253.13
856.19 253.12
710.66 88.739
856.19 253.12
797.46 88.738
780.65 88.732
774.75 76.493
2360.9
68
393.85 0.0045

Description
Pump Enter
Pump Exit/Regen Cooling Enter
Regen Cooling Exit/CD Enter
CD Exit/ME Enter
ME Exit/Pre-Heat Enter
Pre-Heat Exit
Turbines Enter
Turbines Exit
TBV Enter
TBV Exit
Turbine Discharge & TBV Flows Mix
Pre-Reactor
Chamber Conditions
Nozzle Exit

Table H.1.3: H2O-Expander-330MW-15klbf-2400K Design Parameters
Parameter
Throat Diameter
Exit Diameter
Area Ratio
Elements Allocated to Preheating
Preheating Ring Numbers
Maximum Surface Temperature
Design Thrust
Reactor Class
Number of Pumps
Number of Turbines
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Value
0.08016
[REDACTED]
535
24/[REDACTED]
5/[REDACTED]
2400
15
330
3
1

Units
m
m
-

K
klbf
MW
-

H.2 Steady State Thermal and Pressure Distributions
This section shows the thermal and pressure distributions through the nozzle in
Figure H.2.1, control drums in Figure H.2.2, moderator elements/block in Figure H.2.3,
preheating fuel elements (expander cycles only) in Figure H.2.4, and main fuel element in
Figure H.2.5.

Figure H.2.1: H2O-Expander-330MW-15klbf-2400K Nozzle Temperature and Pressure
Distributions
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Figure H.2.2: H2O-Expander-330MW-15klbf-2400K Control Drum Temperature and
Pressure Distributions

Figure H.2.3: H2O-Expander-330MW-15klbf-2400K Moderator Block Temperature and
Pressure Distributions
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Figure H.2.4: H2O-Expander-330MW-15klbf-2400K Pre-Heating Fuel Elements
Temperature and Pressure Distributions

Figure H.2.5: H2O-Expander-330MW-15klbf-2400K Main-Heating Fuel Elements
Temperature and Pressure Distributions
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H.3 Transient Performance Graphs
This section presents the transient performance of thrust, Isp, mass flow rate, reactor
channel power levels, maximum fuel temperatures, and maximum surface temperatures as
shown in Figure H.3.1.

Figure H.3.1: H2O-Expander-330MW-15klbf-2400K Transient Performance KPPs
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H.4 Turbomachinery Performance Maps
This section shows the pump and turbine performance maps in Figure H.4.1 and
Figure H.4.2, respectively. Here, the green dot shows the steady state operation location.

Figure H.4.1: H2O-Expander-330MW-15klbf-2400K Pump Performance Map
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Figure H.4.2: H2O-Expander-330MW-15klbf-2400K Turbine Performance Map
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APPENDIX I
Engine Codes
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This appendix has been abridged since the full length is 107 pages. Please contact
the UAH PRC at https://www.uah.edu/prc/contact-us for the full-length version of
Appendix I. Appendix I is located on the CSIL drive in this directory:
Y:\Restricted\Nuclear

Propulsion\Alternative

Dissertation\Nikitaev Appendix I.
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Figure J.1: A-NTP Engine Model Review Slide 1

Figure J.2: A-NTP Engine Model Review Slide 2
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Figure J.3: A-NTP Engine Model Review Slide 3
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Figure J.5: A-NTP Engine Model Review Slide 5
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Figure J.7: A-NTP Engine Model Review Slide 7
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Figure J.9: A-NTP Engine Model Review Slide 9

Figure J.10: A-NTP Engine Model Review Slide 10
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Figure J.11: A-NTP Engine Model Review Slide 11
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Figure J.13: A-NTP Engine Model Review Slide 13

Figure J.14: A-NTP Engine Model Review Slide 14
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Figure J.15: A-NTP Engine Model Review Slide 15
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Figure J.19: A-NTP Engine Model Review Slide 19

Figure J.20: A-NTP Engine Model Review Slide 20
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Figure J.21: A-NTP Engine Model Review Slide 21

Figure J.22: A-NTP Engine Model Review Slide 22
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Figure J.23: A-NTP Engine Model Review Slide 23
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K.1 LADV
Table K.1: LADV Vehicle Mass Using Selected Engines
Engine Name
CH4+LOX Chemical
H2+LOX Chemical
H2_330evenTP
H2_330maxT
H2_530evenTP
H2_530maxT
H2O2NTP330evenTP6
H2O2NTP330maxT6
H2O2NTP530evenTP6
H2O2NTP530maxT6
H2OExp330_2400_15
H2OExp330_2400_25
H2OExp330_2400_Q
H2OExp330_1400_15
H2OExp330_1400_25
H2OExp330_1400_Q
H2OExp530_2400_25
H2OExp530_2400_Q
H2OExp530_1400_25
H2OExp530_1400_Q
NH3Exp330_2850_15
NH3Exp330_2850_25
NH3Exp330_2850_Q
NH3Exp530_2850_25
NH3Exp530_2850_Q
NH3Exp330_2450_15
NH3Exp330_2750_25
NH3Exp330_2750_Q
NH3Exp530_2550_25
H2OBld330_2400_15
H2OBld330_2400_25
H2OBld330_2400_Q
H2OBld330_1400_15
H2OBld330_1400_25
H2OBld330_1400_Q
H2OBld530_2400_25
H2OBld530_2400_Q
H2OBld530_1400_25
H2OBld530_1400_Q
NH3Bld330_2850_15
NH3Bld330_2850_25
NH3Bld330_2850_Q
NH3Bld530_2850_25
NH3Bld530_2850_Q
NH3Bld330_2450_15
NH3Bld330_2750_25
NH3Bld330_2750_Q
NH3Bld530_2550_25

Volume
(m3)
124
161
924
893
799
775
297
256
311
292
305
308
302
463
461
437
286
319
472
436
282
311
273
327
335
323
324
287
346
319
306
373
469
463
455
309
349
474
410
301
331
302
335
373
350
405
315
367

Prop Mass
(mton)
101
59
66
64
57
55
92
78
92
78
304
307
301
461
460
435
285
318
470
434
194
214
187
225
230
222
223
197
238
318
305
371
467
461
454
308
348
472
409
207
227
208
230
256
241
278
217
253

Dry Mass
(mton)
30
30
53
52
49
49
44
40
45
45
62
49
46
68
55
48
56
47
63
49
51
45
41
51
47
52
45
41
51
58
48
49
66
54
50
55
47
62
48
51
45
41
51
47
55
50
42
51
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Initial Mass
(mton)
131
88.6
119
116
106
104
136
118
137
123
366
356
347
529
514
483
341
365
534
484
245
259
229
276
277
274
268
239
289
376
353
421
533
515
504
364
395
534
457
258
273
249
281
303
296
328
258
304

Cooldown
Mass (mton)
0
0
0
0
4.255
3.604
0.822
0.659
0.771
0.346
0
0
4.48
0
0
0
0
4.944
0
0
0
3.952
3.45
0
4.571
0
4.105
3.493
0
0
0
5.589
0
0
0
0
5.449
0
0
0
3.827
3.833
0
5.159
0
5.109
3.9
0

Tank Mass
(mton)
1.52
1.61
8.41
8.14
7.28
7.06
2.92
2.51
3.04
2.83
3.71
3.74
3.67
5.63
5.61
5.31
3.48
3.88
5.74
5.3
3.43
3.78
3.31
3.98
4.07
3.93
3.94
3.49
4.2
3.88
3.72
4.53
5.7
5.62
5.54
3.76
4.25
5.76
4.99
3.66
4.02
3.67
4.07
4.53
4.26
4.92
3.83
4.47

Table K.2: LADV Vehicle Performance Using Selected Engines
Engine Name
CH4+LOX Chemical
H2+LOX Chemical
H2_330evenTP
H2_330maxT
H2_530evenTP
H2_530maxT
H2O2NTP330evenTP6
H2O2NTP330maxT6
H2O2NTP530evenTP6
H2O2NTP530maxT6
H2OExp330_2400_15
H2OExp330_2400_25
H2OExp330_2400_Q
H2OExp330_1400_15
H2OExp330_1400_25
H2OExp330_1400_Q
H2OExp530_2400_25
H2OExp530_2400_Q
H2OExp530_1400_25
H2OExp530_1400_Q
NH3Exp330_2850_15
NH3Exp330_2850_25
NH3Exp330_2850_Q
NH3Exp530_2850_25
NH3Exp530_2850_Q
NH3Exp330_2450_15
NH3Exp330_2750_25
NH3Exp330_2750_Q
NH3Exp530_2550_25
H2OBld330_2400_15
H2OBld330_2400_25
H2OBld330_2400_Q
H2OBld330_1400_15
H2OBld330_1400_25
H2OBld330_1400_Q
H2OBld530_2400_25
H2OBld530_2400_Q
H2OBld530_1400_25
H2OBld530_1400_Q
NH3Bld330_2850_15
NH3Bld330_2850_25
NH3Bld330_2850_Q
NH3Bld530_2850_25
NH3Bld530_2850_Q
NH3Bld330_2450_15
NH3Bld330_2750_25
NH3Bld330_2750_Q
NH3Bld530_2550_25

Time
(s)
1081
838
1318
1380
1525
1738
571
694
510
608
1482
1803
1928
1200
1216
1297
1552
1725
1217
1101
1641
1900
2045
1951
1679
1731
1891
2089
1834
1565
1544
1786
1161
1120
1046
1512
1741
1162
1006
1648
1812
2086
1700
1650
1498
1776
2094
1769

Nuclear
Energy (TJ)
0
0
0.36
0.36
0.68
0.67
0.12
0.14
0.15
0.11
0.21
0.43
0.56
0.16
0.26
0.38
0.36
0.78
0.27
0.5
0.27
0.51
0.59
0.52
0.73
0.26
0.51
0.6
0.46
0.23
0.39
0.54
0.16
0.25
0.3
0.38
0.84
0.26
0.47
0.28
0.52
0.63
0.49
0.79
0.23
0.49
0.64
0.48
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Chemical
Energy (TJ)
0.449
0.297
0
0
0
0
0.307
0.324
0.38
0.241
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Isp
Avg (s)
350
467
826
846
827
841
586
602
622
697
301
300
298
208
206
209
299
293
207
189
342
336
336
362
348
322
332
334
342
275
275
277
197
195
196
275
275
194
190
327
325
320
330
317
302
318
317
314

#
Eng.
3
3
5
5
3
3
4
3
3
3
10
6
4
13
8
6
5
3
8
4
6
4
3
5
3
7
4
3
5
10
6
5
13
8
6
6
3
8
4
7
4
3
5
3
8
5
3
5

Conv.
Y
Y
N
N
Y
Y
Y
Y
Y
N
N
N
Y
N
N
N
N
Y
N
N
N
Y
Y
N
Y
N
Y
Y
N
N
N
Y
N
N
N
N
Y
N
N
N
Y
Y
N
Y
N
Y
Y
N

K.2 Mars Conjunction
Table K.3: Mars Conjunction Vehicle Mass Using Selected Engines
Engine Name
CH4+LOX Chemical
H2+LOX Chemical
H2_330evenTP
H2_330maxT
H2_530evenTP
H2_530maxT
H2O2NTP330evenTP6
H2O2NTP330maxT6
H2O2NTP530evenTP6
H2O2NTP530maxT6
H2OExp330_2400_15
H2OExp330_2400_25
H2OExp330_2400_Q
H2OExp330_1400_15
H2OExp330_1400_25
H2OExp330_1400_Q
H2OExp530_2400_25
H2OExp530_2400_Q
H2OExp530_1400_25
H2OExp530_1400_Q
NH3Exp330_2850_15
NH3Exp330_2850_25
NH3Exp330_2850_Q
NH3Exp530_2850_25
NH3Exp530_2850_Q
NH3Exp330_2450_15
NH3Exp330_2750_25
NH3Exp330_2750_Q
NH3Exp530_2550_25
H2OBld330_2400_15
H2OBld330_2400_25
H2OBld330_2400_Q
H2OBld330_1400_15
H2OBld330_1400_25
H2OBld330_1400_Q
H2OBld530_2400_25
H2OBld530_2400_Q
H2OBld530_1400_25
H2OBld530_1400_Q
NH3Bld330_2850_15
NH3Bld330_2850_25
NH3Bld330_2850_Q
NH3Bld530_2850_25
NH3Bld530_2850_Q
NH3Bld330_2450_15
NH3Bld330_2750_25
NH3Bld330_2750_Q
NH3Bld530_2550_25

Volume
(m^3)
250
343
1342
1330
1435
1413
1330
1318
640
635
329
343
348
853
891
918
355
377
917
1141
364
385
389
385
419
420
401
405
430
351
368
377
1064
1109
1140
383
412
1129
1230
388
419
425
416
460
450
431
440
456

Prop Mass
(mton)
204
125
95.7
94.8
102
101
95.4
94.6
135
130
328
341
347
850
888
915
354
376
914
1137
250
265
268
265
288
289
276
278
295
350
367
376
1060
1105
1136
382
410
1125
1226
266
288
292
286
316
309
296
303
314

Dry Mass
(mton)
67
67.4
99.1
99
105
105
99
98.9
83.8
83.8
77.1
77.7
78.1
90.5
91.5
92.4
82
83.3
96
107
77.4
78.1
78.3
82.3
83.5
78.1
78.1
78.5
82.9
76.9
77.5
77.8
99.5
100
101
81.9
83
105
107
77.5
78.3
78.4
82.4
83.5
78.2
78.4
78.6
82.9
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Initial Mass
(mton)
278
199
210
209
222
220
210
209
225
221
412
426
432
951
990
1018
443
466
1021
1260
335
350
353
354
379
374
361
364
385
433
452
461
1175
1221
1252
471
500
1245
1349
351
374
378
375
407
394
382
388
404

Cooldown
Mass (mton)
0
0
5.566
5.375
6.267
5.541
5.524
5.338
1.445
1.198
4.209
4.891
5.15
6.336
7.605
8.652
5.057
5.84
7.973
10.75
4.392
4.776
4.875
5.096
5.64
4.247
4.978
4.88
5.036
4.445
5.288
5.556
7.583
9.209
9.998
5.488
6.477
9.248
12.04
4.491
5.308
5.356
5.517
6.283
4.438
5.288
5.432
5.443

Tank Mass
(mton)
3.05
3.43
12.3
12.1
13.1
12.9
12.1
12
6.1
6.04
4
4.16
4.24
10.4
10.8
11.2
4.32
4.59
11.2
13.9
4.43
4.68
4.73
4.69
5.1
5.11
4.88
4.92
5.22
4.26
4.48
4.59
12.9
13.5
13.9
4.66
5.01
13.7
15
4.71
5.1
5.17
5.06
5.59
5.47
5.24
5.35
5.55

Table K.4: Mars Conjunction Vehicle Performance Using Selected Engines
Engine Name

Time
(s)

CH4+LOX Chemical
H2+LOX Chemical
H2_330evenTP
H2_330maxT
H2_530evenTP
H2_530maxT
H2O2NTP330evenTP6
H2O2NTP330maxT6
H2O2NTP530evenTP6
H2O2NTP530maxT6
H2OExp330_2400_15
H2OExp330_2400_25
H2OExp330_2400_Q
H2OExp330_1400_15
H2OExp330_1400_25
H2OExp330_1400_Q
H2OExp530_2400_25
H2OExp530_2400_Q
H2OExp530_1400_25
H2OExp530_1400_Q
NH3Exp330_2850_15
NH3Exp330_2850_25
NH3Exp330_2850_Q
NH3Exp530_2850_25
NH3Exp530_2850_Q
NH3Exp330_2450_15
NH3Exp330_2750_25
NH3Exp330_2750_Q
NH3Exp530_2550_25
H2OBld330_2400_15
H2OBld330_2400_25
H2OBld330_2400_Q
H2OBld330_1400_15
H2OBld330_1400_25
H2OBld330_1400_Q
H2OBld530_2400_25
H2OBld530_2400_Q
H2OBld530_1400_25
H2OBld530_1400_Q
NH3Bld330_2850_15
NH3Bld330_2850_25
NH3Bld330_2850_Q
NH3Bld530_2850_25
NH3Bld530_2850_Q
NH3Bld330_2450_15
NH3Bld330_2750_25
NH3Bld330_2750_Q
NH3Bld530_2550_25

2177
1786
3299
3369
2191
2411
3270
3342
723
971
5439
3570
3099
9699
6232
4789
3714
2258
6319
3883
4776
3259
3087
3380
2346
5119
3206
3121
3519
5515
3501
3059
11510
7282
5743
3658
2151
7416
3961
4835
3133
3018
3197
2123
5220
3190
2992
3369

Nuclear
Energy (TJ)

Chemical
Energy (TJ)

0
0
1
0.99
1.04
1.03
0.99
0.99
0.26
0.26
0.81
0.84
0.85
1.37
1.43
1.48
0.87
0.92
1.47
1.82
0.8
0.84
0.84
0.86
0.9
0.8
0.83
0.84
0.86
0.85
0.88
0.9
1.68
1.74
1.79
0.92
0.97
1.78
1.93
0.83
0.87
0.88
0.9
0.95
0.83
0.87
0.88
0.9
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0.906
0.633
0
0
0
0
0.004
0.004
0.556
0.528
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Isp
Avg (s)
349
465
869
876
843
853
870
877
543
632
305
297
293
226
222
216
300
284
224
203
343
328
325
359
343
325
320
325
340
284
273
267
216
212
208
275
256
212
204
330
310
304
320
296
308
307
302
306

# Stg.
1
1
3
3
3
3
3
3
1
1
1
1
1
2
2
2
1
1
2
3
1
1
1
1
1
1
1
1
1
1
1
1
3
3
3
1
1
3
3
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Conv.
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

K.3 Mars Opposition
Table K.5: Mars Opposition Vehicle Performance Using Selected Engines
Engine Name
CH4+LOX Chemical
H2+LOX Chemical
H2_330evenTP
H2_330maxT
H2_530evenTP
H2_530maxT
H2O2NTP330evenTP6
H2O2NTP330maxT6
H2O2NTP530evenTP6
H2O2NTP530maxT6
H2OExp330_2400_15
H2OExp330_2400_25
H2OExp330_2400_Q
H2OExp330_1400_15
H2OExp330_1400_25
H2OExp330_1400_Q
H2OExp530_2400_25
H2OExp530_2400_Q
H2OExp530_1400_25
H2OExp530_1400_Q
NH3Exp330_2850_15
NH3Exp330_2850_25
NH3Exp330_2850_Q
NH3Exp530_2850_25
NH3Exp530_2850_Q
NH3Exp330_2450_15
NH3Exp330_2750_25
NH3Exp330_2750_Q
NH3Exp530_2550_25
H2OBld330_2400_15
H2OBld330_2400_25
H2OBld330_2400_Q
H2OBld330_1400_15
H2OBld330_1400_25
H2OBld330_1400_Q
H2OBld530_2400_25
H2OBld530_2400_Q
H2OBld530_1400_25
H2OBld530_1400_Q
NH3Bld330_2850_15
NH3Bld330_2850_25
NH3Bld330_2850_Q
NH3Bld530_2850_25
NH3Bld530_2850_Q
NH3Bld330_2450_15
NH3Bld330_2750_25
NH3Bld330_2750_Q
NH3Bld530_2550_25

Volume
(m^3)
1677
5093
3524
3516
3707
3672
1682
1662
1724
1639
1779
1745
1742
6154
3483
3468
1765
1765
5168
3565
1774
1952
1945
1835
1879
1866
1871
1907
1912
1748
1764
1776
6074
3515
3593
1768
1932
3497
3691
1915
1990
1913
1975
1903
2014
1883
1883
1897

Prop Mass
(mton)
1368
1223
251.2
250.6
264.3
261.7
573.3
565.9
579.4
546.3
1773
1739
1736
6133
3471
3456
1758
1759
5150
3553
1220
1342
1337
1262
1292
1283
1286
1311
1314
1742
1757
1770
6053
3503
3580
1762
1925
3485
3678
1316
1369
1315
1358
1309
1384
1295
1294
1304

Dry Mass
(mton)
116
213
168
168
173
172
118
118
122
121
123
123
123
279
179
179
126
127
236
183
123
125
125
127
128
124
124
125
128
122
123
123
278
179
180
126
128
181
184
124
126
125
128
128
126
124
124
127
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Initial Mass
(mton)
1491
1445
427.1
426.4
445
442.1
698.3
690.7
707.9
674
1903
1869
1866
6422
3657
3643
1891
1893
5395
3744
1349
1474
1469
1395
1427
1414
1417
1443
1449
1871
1887
1900
6341
3689
3768
1895
2061
3674
3870
1448
1501
1447
1493
1444
1517
1426
1426
1439

Cooldown
Mass (mton)
0
0
8.1029
7.9559
9.5355
8.8817
5.7881
5.5641
6.3697
5.3143
3.6048
4.1297
4.341
2.2818
3.3506
3.6622
4.1963
4.9105
4.8164
3.9928
3.942
4.6817
4.7383
4.777
5.2536
3.3262
4.3904
4.4479
4.2374
3.5107
4.0072
4.3106
2.1213
3.2009
3.4593
4.1963
5.2243
3.2075
3.9869
4.0537
4.5875
4.6457
5.0438
5.3302
3.4027
4.3409
4.4152
4.2529

Tank Mass
(mton)
20.4
48.9
32.1
32.1
33.8
33.5
16.6
16.4
17
16.2
21.6
21.2
21.2
74.8
42.4
42.2
21.5
21.5
62.8
43.3
21.6
23.7
23.6
22.3
22.8
22.7
22.7
23.2
23.2
21.3
21.4
21.6
73.9
42.7
43.7
21.5
23.5
42.5
44.9
23.3
24.2
23.3
24
23.1
24.5
22.9
22.9
23.1

Table K.6: Mars Opposition Vehicle Performance Using Selected Engines
Engine Name
CH4+LOX Chemical
H2+LOX Chemical
H2_330evenTP
H2_330maxT
H2_530evenTP
H2_530maxT
H2O2NTP330evenTP6
H2O2NTP330maxT6
H2O2NTP530evenTP6
H2O2NTP530maxT6
H2OExp330_2400_15
H2OExp330_2400_25
H2OExp330_2400_Q
H2OExp330_1400_15
H2OExp330_1400_25
H2OExp330_1400_Q
H2OExp530_2400_25
H2OExp530_2400_Q
H2OExp530_1400_25
H2OExp530_1400_Q
NH3Exp330_2850_15
NH3Exp330_2850_25
NH3Exp330_2850_Q
NH3Exp530_2850_25
NH3Exp530_2850_Q
NH3Exp330_2450_15
NH3Exp330_2750_25
NH3Exp330_2750_Q
NH3Exp530_2550_25
H2OBld330_2400_15
H2OBld330_2400_25
H2OBld330_2400_Q
H2OBld330_1400_15
H2OBld330_1400_25
H2OBld330_1400_Q
H2OBld530_2400_25
H2OBld530_2400_Q
H2OBld530_1400_25
H2OBld530_1400_Q
NH3Bld330_2850_15
NH3Bld330_2850_25
NH3Bld330_2850_Q
NH3Bld530_2850_25
NH3Bld530_2850_Q
NH3Bld330_2450_15
NH3Bld330_2750_25
NH3Bld330_2750_Q
NH3Bld530_2550_25

Time (s)
21717
23647
15918
15980
10096
10324
5556
5572
3474
3541
41144
24384
20330
103570
35118
26333
24851
12971
52200
16893
32921
21456
19858
20792
12399
32552
20264
19058
20666
40225
23960
20429
98581
34310
26512
24336
13844
34038
17089
34752
21235
19327
21726
12282
34095
19950
18437
20021

Nuclear
Energy (TJ)
0
0
5.078
5.065
5.275
5.227
1.712
1.685
1.701
1.573
6.73
6.629
6.63
15.29
8.723
8.677
6.7
6.727
12.83
8.891
6.058
6.536
6.492
6.387
6.371
5.515
6.073
6.161
5.969
6.602
6.622
6.667
14.82
8.573
8.768
6.702
7.247
8.548
9.025
6.433
6.563
6.332
6.805
6.43
5.813
6.039
6.033
5.942
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Chemical
Energy (TJ)
9.149
8.181
0
0
0
0
4.314
4.219
4.292
3.902
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Isp Avg
(s)
356
435
890
892
880
883
510
517
528
566
292
287
285
217
214
211
289
281
216
201
354
339
326
363
331
318
323
322
326
282
291
278
210
205
202
277
271
206
199
341
338
315
334
310
316
313
310
320

# Stg.
121
1 10 1
161
161
161
161
121
121
121
121
121
121
121
1 14 1
161
161
121
121
1 10 1
161
121
121
121
121
121
121
121
121
121
121
121
121
1 14 1
161
161
121
121
161
161
121
121
121
121
121
121
121
121
121

Conv.
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
N
Y
Y
N
Y
N
Y
Y
Y
N
Y
Y
N
N
N
N
N
N
Y
N
Y
Y
N
Y
Y
Y
Y
N
N
Y
Y
Y
N
N
N
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